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for Cartilage Regeneration 
Sakina S. Khan 
Frank K. Ko, Ph.D. 
 
 
This research was designed to evaluate the feasibility of Nanotube 
based nano-composite fibril for cartilage by characterizing the 
morphological and physical properties of the scaffold and by 
evaluating in vitro cell proliferation of chondrocytes on the scaffold. 
The unique physical properties of carbon nanotube (CNT) at nano-
level allow significant application of nanotubes in every conceivable 
area of structural engineering.  
 
The application of nanotubes in the biomedical area is still very much 
limited. Since, all lives are carbon based and nanotubes are solely 
made of carbon with a similar scale size of DNA-the molecule of life, 
promising possibilities can be expected by introducing them to 
reinforce tissue engineered scaffolds. 
 
Matrix was fabricated by electrospinning to develop a 3-dimensional 
assembly of nanofibers. Use of biocompatible and biodegradable 
polymer Poly-L-lactic acid ensured nontoxic response of the body 
towards the scaffold and complete elimination of the polymer from the 
body after the regeneration of the natural tissue.  
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The nanotubes were purified, dispersed and mixed with the polymer 
solution for being electrospun into non-woven fabric with inter-
connected pores. The porosity and pore size were optimized by 
changing the parameters during electrospinning.  
 
Spectroscopic study using Raman spectrometer was used to detect 
the presence of nanotubes in the samples. Transmission electron 
microscopy was performed in order to study the alignment of the 
nanotubes in the polymer fibers and visualize the presence of 
crystalline lattice fringe of the nanotubes. Scanning electron 
microscopy was used to analyze the pore size porosity and the fiber 
diameter of the over all structure while Atomic force microscopy was 
performed to evaluate the topography of individual CNT containing 
fibers. 
 
The integrity of the nanotube-nanofiber constructs were evaluated by 
testing the tensile modulus using an Instron machine. Electrical 
conductivity of the samples was tested using four-probe device. 
During each characterization, one control sample of PLA nanofibers 
without any nanotube was used for comparative analysis. 
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Calf articular chondrocytes were used for in vitro cell study.  The 
viability of the cells onto the scaffold and their hyperplastic activity 
was tested. SEM images were taken at day 7 and 14 to evaluate the 
cell morphology, the attachment and spreading of cells on the scaffold 
and formation of intercellular bridge. 
 
Results from characterization revealed that the CNT/PLA scaffold was 
a novel construct with optimum pore size for cell-migration and 
optimum porosity similar to natural tissue to allow tissue 
regeneration. Nanotubes were well arranged in the nanofibers, 
providing a modulus of the scaffold within the range of modulus of the 
natural cartilage and electrical conductivity same as semi-conductor 
materials. 
 
In vitro cell study showed the presence of living chondrocytes onto the 
scaffold using the MTT assay. The ability of the cells to produce and 
secrete Procollagen II on the scaffold showed convincing evidence of 
the cell-differentiation within the scaffold. SEM study revealed that 
there were migration of cells on the deeper part of the structures with 
a period of one week and the scaffold surface was covered by cells 
leaving little or no pores open. 
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It can be concluded that, the nano-composite scaffold with its nano- 
scale size, 3-dimensional structure, optimum pore size and porosity, 
high integrity, electrical conductivity is a highly suitable scaffold for 
load-bearing cartilage that are subjected to high tensile and 
compressive stress. The 2-dimensional bending flexibility of graphite 
sheets in the nanotube walls are expected to allow gliding movement 
on the scaffold during locomotion. The ability to shape the structure 
readily allows the use of the scaffold in areas with difficult access 
such as, craniofacial injury. 
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CHAPTER 1. INTRODUCTION 
 
1.1 Backgrounds and significance 
Carbon nanotubes are unique addition to the nanotechnology for their 
unprecedented electronic and mechanical properties on a molecular 
scale. Single-wall carbon nanotubes (SWCNTs) can be envisaged as 
rolled-up graphite sheets that are capped with fullerene-like 
structures. The electronic properties of these SWCNTs depend on the 
wrapping angle and diameter of the graphite sheet, thus giving either 
metallic or semi-conducting SWCNTs [2]. The introduction of 
nanotubes in the field of nanotechnology started a revolutionary era 
that may be able to continue the unfinished job of micro-technology. 
The challenge in the study of tissue engineering is, the biological 
structure and function lost by the host tissue will be regenerated, 
restored and maintained by the tissue-engineered substitute. Thus 
the ultimate goal is to construct a structure that can replace the lost 
tissue and provide support to the surrounding extra cellular matrix as 
long as the host cells re-synthesize new natural tissue. 
 
The inter-play of the physical properties of nanotubes with a 
biocompatible polymer can give birth to a new generation of tissue–
engineered implants to reconstruct natural tissue that are subjected 
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to high mechanical stress or, require electrical and or thermal 
conductivity at physiological state.  
 
Although, there is a growing application of polymer in every 
conceivable field of our everyday life the use of polymer is very 
cautious and limited in biomedical area. In order to be used in the 
biological environment, the primary criterion of the polymer is 
biocompatibility. Besides that the polymer also has to satisfy other 
major needs such as integrity of the implant, especially when used for 
load bearing parts of the body. The generally lower strength of 
polymers often makes them unable to satisfy these needs. Many 
materials such as glass fibers and carbon fibers are incorporated to 
the polymer to increase the strength of the polymer. Carbon 
nanotubes, having a nanometer scale size with highest strength to 
weight ratio of all materials ever known [1] can be considered as the 
best strengthening material for polymers. Since, all life is carbon 
based and nanotubes are solely made of carbon having the same scale 
size of DNA- the molecule of life, carbon nanotube containing 
biocompatible polymer structures can have very successful 
application in the field of biomedical science, such as artificial organs 
and drug delivery devices. Also the conductive property of the 
nanotubes can be expected to reflect in the nanotube/ polymer 
composite with well aligned nanotubes inside the structure which can 
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be used as implants for stimulating neuronal growth and new bone 
formation as well as bone remodeling by the use of electrical stimuli. 
Frequency of articular cartilage injuries is high. Since the potential for 
regeneration of articular cartilage is limited, injuries in the articular 
cartilage often lead to permanent pain, disability and dysfunction of 
the joints. As a solution for these problems, various methods to repair 
the defects have been investigated. Use of organic materials such as 
tissue grafts, inorganic fibers such as carbon fibers, polyester, 
hydroxyapatite, polymer hydrogels and sponges have been used as 
artificial cartilage. But there is no widely accepted method for that 
provides a scaffold for repair of cartilage defect that can replace the 
natural extra cellular matrix as well as provides stability and integrity 
similar to the host tissue, until the host cells repopulate and 
regenerate new tissue.  
 
Polymers used in the biomedical area are roughly grouped into two 
major groups such as, biostable and biodegradable polymers. 
Biostable polymers are sufficiently durable to allow their long-term 
use as artificial organs such as, blood vessels, heart valves and 
skeletal joints. On the other hand, Biodegradable polymers serve a 
short-term purpose in the body then gradually decompose into small 
molecules and metabolized or excreted from the body.  
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Many biocompatible polymers are generally used as scaffolds for 
tissue engineering. Usually they are implants with lower material 
strength. Carbon nanotubes with 100 times more strength than that 
of steel and 1/6th of weight of the steel are expected to be highly 
suitable reinforcement for the implants of the load bearing structures 
of our body such as bone and cartilage. In addition to electrical and 
thermal conductivity, the bending flexibility of 2-dimensional graphite 
sheet appears to support the gliding movement of the articular joint 
cartilages. 
 
PLA is a type of alpha-hydroxy polyester that undergoes bulk 
degradation with concomitant mass loss in a uniform pattern. The 
uniform mass loss of PLA intends its use as an ideal biodegradable 
implant for cartilage repair. The biodegradation time for PLA was 
found enough for maintaining the structural integrity of the tissue 
during the cartilage regeneration.  
 
The nanofiber surface provides large amount of surface area-
approximately ~103m2/gm [7]. This type of highly porous structure is 
considered to allow cells to reach the center of the scaffold as well as 
pass through it to the other side. The fibers having nano-scale 
diameter resembles the diameter of the collagen in the ECM matrix 
those have diameters approximately 30 nanometers.  
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Pore size is of great significance for am implant as, cells are selective 
to certain range of pore sizes through which they can migrate and 
subsequently proliferate. High porosity of nanofiber scaffold can be 
expected similar to the porous structure of the cartilage in the 
physiological state. 
 
PLA nanofibers were obtained using the electrospinning process. 
During electrospinning, there is a continuous flow of charge from the 
source to the target. This charge is expected to align the CNTs in a 
well-arranged manner along the length of the fibers, which is an 
essential to achieve maximum electrical conductivity in the composite 
structure. 
 
Collagen possesses most of the dry wet of the Cartilage. Among the 
total mass of cartilage matrix, approximately 70% is water. About 95% 
of the dry weight of the matrix is composed of collagen and 
proteoglycans. Chondrocytes makes up less than 5% of the volume of 
cartilage.     
 
Studies showed that collagen is considered as a changed matrix, 
which is freely penetrable by water and ions. The electro-mechanical 
interaction in the articular cartilage in its physiological state is strain 
induced and can be modeled as a matrix of immobilized charged bath 
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in a highly conductive field. In a study, conductivity of unstrained 
cartilage was measured 2500 mho/m2 [6]. The conductivity of CNT 
containing nanofibers can be expected to represent the conductivity 
collagen in extra cellular matrix during wound healing and bone 
remodeling.    
 
The un-mineralized collagen fibrils in the developing surfaces of bone 
give rise to mechanico-electrical effect that takes part in bone 
remodeling during growth and physiological healing process. So, a 
CNTs containing conductive polymer nanofiber matrix can be 
expected to take part to pass electrical stimulation for growth and 
healing as well as maintaining the shape of bone and cartilage [5]. 
 
The nanofibers are also expected to provide perfection in nanoscale as 
well as to support and guide cell growth towards the direction of the 
nanofibers. In addition the incorporation of CNTs is expected to 
enhance the integrity of the scaffold close to the strength of cartilage 
at physiological state.  
 
Cartilage is an essential component of the locomotor system of or 
body.  They articulate the bones of the skeletal system with one 
another as the bones maintain the structure of the body transmit the 
body weight as well as support of the body movement. Articular 
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cartilage in the body especially in the hip joints and in the knee joints 
transfer load that is several times heavier than that of the body 
weight. Also the inter-vertebral discs of the vertebral column bear 
large amount of stress transferred by the upper parts of the body. 
Cartilage transfer compressive load and allow load bearing surface to 
articulate bones. Modulus of cartilage was tested 20 MPa [3] to 200 
MPa [4]. Young’s modulus of cartilage in physiological rate of dynamic 
loading may approach 500 MPa [6]. So, research on tissue engineered 
cartilage replacement occupies a key position not only for the repair 
and maintenance of the skeletal system but also for treatment and 
prevention of skeletal disorder and congenital deformities. SWNTs 
with such strength to weight ratio are expected to produce a light 
weighed scaffold for cartilage with high modulus that is close to that 
of the modulus of cartilage in the physiological state. 
 
The two dimensional arrangement of the CNTs (graphite sheet like) 
permits out of plane flexibility that is a supreme quality for a cartilage 
scaffold to provide a load bearing articular surface.  
 
An average person contains 16 kilogram of carbon in the body with an 
average intake of 300 mg/day. Proteins, DNA and chromosomes are 
made up of carbon containing molecules. So, it can be expected that 
CNTs will be friendly to cell proliferation both in vitro and in vivo.    
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1.2 Properties of an ideal scaffold 
 
An ideal scaffold for tissue engineering should be compatible to the 
tissue environment. It must not have any antigenic as well as toxic 
reaction to the body. The scaffold should mechanically strong enough 
in order to represent it inside the body at physiological state. The 
scaffold is expected to show rapid adherence to the wound area when 
implanted. Its inner structure should support the growth of fibro-
vasculature similar to the original tissue. They should either be 
biodegradable and completely excreted from the body eventually after 
regeneration of the new tissue or they should be biostable and able to 
resist wear and tear. As, the small wear particles from the non-
degradable polymer may act as toxic foreign element to the 
surrounding tissue. Over all, for being available to the patient of all 
economic classes, the cost of the scaffold has to be low. Finally, an 
indefinite shelf life and easy, inexpensive storage is expected from an 
ideal synthetic scaffold. 
 
 
1.3 Objective 
 
Although few studies on polymer matrix with CNTs have been studied, 
the area of electrospun-nanofiber matrix as a biodegradable scaffold 
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has not been explored enough. The use of biodegradable polymers as 
tissue–engineering scaffolds seem to be more attractive as, the 
inflammatory response to the implant recedes after the scaffold is 
resorbed. Also the risk of triggering debris particle regeneration is 
considered as a drawback in biostable polymers.  
 
In this study biodegradable polymer PLA (Poly –L –lactic acid) has 
been used in the form of nanofibers to provide adequate surface area, 
wide range of pore size and highly porous structure to allow and 
support cartilage cell (chondrocyte) growth at nano scale. In addition, 
the polymer scaffolds were reinforced with the single-walled carbon 
nanotubes to provide high physical integrity and electrical 
conductivity to the construct at nano level. 
 
So, the objective of this study was to develop a polymer nanofiber- 
nanotube scaffold for load bearing cartilage and evaluate the scaffold 
in a systematic manner and use this unique composite as a scaffold 
for cartilage and allow in vitro growth of calf chondrocytes.  
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CHAPTER 2: SCOPE OF STUDY 
 
Systemic evaluation of nanofiber-nanotube scaffold is described in 
this study. Synthetic polymer scaffolds in living systems revolve 
around very important requirements such as the compatibility with 
the host tissue, the structural resemblance with the tissue to be 
replaced as well as, the similarity in physical properties of the natural 
tissue that is to be replaced or re-synthesized. Based on these basic 
needs to provide an ideal scaffold, we had the specific aims as follows:  
 
2.1 Specific Aim # 1: 
Evaluation of the structural composition of the scaffold 
 
Structural composition of the scaffold is very important, as living cells 
and tissue are very sensitive to foreign materials. Biological response 
of cells on an implant depends on their structural smoothness, 
roughness, porosity, surface area etc. As, CNT/PLA scaffold made of 
nanofiber, its structure highly resemble the structure of the collagen 
fibers in the ECM of the cartilage. In the structure of the cartilage, 
30% is collagen and glycoprotein and 70% is water. The high porosity 
of the nanofiber scaffold is expected to resemble the porosity of the 
biological structure of cartilage. Porosity also play role in the rate of 
degradation of the cartilage. Low porosity structures degrade faster. 
The diffusion of degraded products from the structure is restricted 
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causing formation of large pockets of acid within the structure. The 
structures with higher porosities allow the acidic by-products to be 
removed from the implant area, allowing a longer degradation time for 
the implant. The pore size of an implant is an important parameter in 
order to allow new tissue migration. Pores should be large enough to 
allow migration of cells through the scaffold. The pore size of the 
nanofiber scaffold are in micron scale and expected to be large enough 
so that cells can squeeze through it and migrate in the center of the 
scaffold.  
 
2.2 Specific Aim # 2: 
Characterization of the integrity and conductivity of the scaffold 
 
Mechanical property is an important part of matrix design especially 
in case of implants for load bearing parts of the body. Articular 
cartilage bear load several times more than body weight. The natural 
cartilage tissue contains 70% water and only 30% non-mineralized 
matrix. Compressive loads are borne by the 70% water that is 
constrained in the tissue by an internal structure that electrically 
confines the water molecule. So, a nanofiber scaffold with porosity 
approximately (35 to 40) % is expected to act like a negative template 
for the re-synthesis of new cartilage with a similar density of natural 
tissue. Due to the inverse correlation of porosity and mechanical 
properties, maximizing porosity of the scaffold leads to a 
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comparatively weaker structure. As, CNT has the highest strength to 
weight ratio, and is 100 times stronger than that of steel, nanofiber 
mat reinforcement with CNT can be expected to mimic the original 
modulus of cartilage. Large tensile stresses within the articular 
surfaces and the edge of the joint contact areas are resisted primarily 
by tangential orientation of the collagen fibers. The fiber architecture 
of the nanofiber is expected to be in tangential orientation with the 
articular surface when implanted in the body. Also, the diameters of 
the nanofibers appear to resemble the diameter of the collagen fibers 
(~30nm diameter) in the natural tissue. Strength of the scaffolds was 
tested by measuring the elastic modulus of CNT/Polymer- nanofiber 
matrix.  
 
Conductivity of the scaffold is a unique property for bone and 
cartilage scaffolds as it stimulates cell growth tissue remodeling as 
well as helps the inner structure to retain water inside the cartilage 
that ultimately bear the compressive stress. It is expected that the 
presence of the CNTs in proper orientation may produce conductivity 
in the scaffold. Since, SWNT has the conductivity approximately 6000 
siemens/cm [1], small amount of reinforcement of SWNT is expected 
to produce conductivity in the polymer scaffold as well. In this study 
conductivity of the fiber mat for CNT/polymer sample was measured. 
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PLA nanofiber scaffold without any nanotube reinforcement was used 
as a control group.  
 
The lightweight, high integrity, chemical inertness and flexibility that 
allow the fabrication to contour into intricate shapes are expected to 
provide a highly suitable scaffold for cartilage implant.  
 
2.3 Specific Aim # 3: 
Experimental analysis for the interaction between cells and 
nanotubes and the viability of the cells 
 
Theoretically the PLA/CNT scaffold appears to be non-toxic for human 
body. PLA is a biocompatible polymer and carbon nanotubes are 
solely made of carbon, which carbon is a major element in human 
body. The toxicity test was performed during cell culture by 
quantitative analysis of cell growth. Comparison of the amount of cell 
growth between the nanotube containing scaffolds and the control 
scaffold were expected to provide information if the nanotube has any 
role against cell proliferation. Also, increase in cell growth with time 
should indicate that there is no debilitating effect in cell growth due to 
the presence of nanotubes and thus nanotubes are cell friendly. The 
quantitative analysis also used as an evidence for the viability of cells 
on the scaffold as, the biochemical product secreted from the cells for 
the analysis can be only secreted by living cells. 
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2.4 Specific Aim # 4: 
Evaluation of the phenotypic expression and biological activity of 
Chondrocytes onto the scaffold 
 
Microscopic study was performed to evaluate the cell attachment, 
differentiation, shape and size of the cells and formation of inter-
cellular bridge.  
 
2.5 Specific Aim #5: 
Evaluation of activity of hyperplastic chondroblasts 
 
The ability of chondrocytes to produce Procollagen II in the extra 
cellular matrix during the differentiation of chondroblasts was 
investigated. Evidence of procollagen II production would be 
considered as an evidence for the chondrocytes to be in their 
hyperplastic state. 
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CHAPTER 3: LITERATURE REVIEW 
 
 
3.1 Spectroscopic study of interaction between nanotubes and 
polymers 
 
In a recent study by McCarthy [25] the interaction between conjugated 
polymer and nanotube was studied. Raman spectroscopy was used in 
this study to probe the structure-property relationship in both carbon 
nanotubes and conjugated polymers. The conjugated polymer PmPV  
 
Figure 3.1 Comparative Raman spectra for SWNT, 1% SWNT composite 
and PmPV. [from (25)]. 
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spectrum and carbon nanotube spectrum was used to compare the 
spectra of PmPV-nanotube composite spectra. The excitation 
wavelength was used 676 nanometers.  
 
Figure 3.1 shows dominating peak for the nanotube spectra at 1580 
cm-1. The spectra of polymer were dominated by multiple modes, having 
a central mode at 1600 cm-1. The PmPV is spectrum shows two well 
defined bands at 1330 cm-1 assigned for vinyl bond and multiple modes 
for nanotubes at 1590cm-1, 1610 cm-1 and 1627 cm-1. The both bands 
appear to be modified to their relative intensities that cannot be 
explained by a super position of modes due to their different species.  
 
3.2 Spectroscopic study on pure, unreacted SWNTs 
 
Mickelson [32] showed Raman spectra of pure unadulterated SWNTs. 
In figure 3.2 characteristic breathing mode of Single walled carbon 
nanotubes can be seen at 186 cm-1. The broader peak at 1580 cm -1 
correspond the sp2 hybridized carbon stretching mode.  
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Figure: 3.2 Raman spectra of pure, untreated SWNTs [32] 
 
 
 
3.3.   Study of single-layered nanotubes with electron beam 
 
Study by Kiang [26] showed that the geometry of nanotubes is often 
distorted from their straight and cylindrical form. Though nanotubes 
are expected to be tough and strong, defects in the graphite sheets can 
bend the nanotubes sharply without tearing [figure 3.2].  
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  Figure 3.3: TEM image showing twisting of the nanotubes [from (26)] 
 
 
Figure 3.4: TEM images showing folding of single walled nanotubes 
[from (26)] 
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TEM observation suggested that the rigidity of single walled carbon 
nanotube is depended on their diameter. Bending was mostly seen in 
tubes having diameter more than 2 nanometers while the tubes with 
smaller diameter maintained their cylindrical shapes. Defects often 
occur when entangled with each other or where a large tube flattened 
into a ribbon and twists being separated from a bundle of tubes. The 
rest of the nanotubes other than the defects appear to maintain 
unchanged diameter along the length [figure 3.3]. The constant 
diameter of the tubes suggests that the twisting and folding of single-
layered nanotubes were introduced after formation of the nanotubes. 
 
 
3.4. Tissue engineering replacement of cartilage 
 
Many cartilage-related diseases and road traffic accidents leads into a 
surgical replacement of the cartilage. Approximately over 1.2 million 
surgeries on cartilage are performed per year in the United States. The 
following table shows an account of the different procedures for 
surgical replacement of cartilage. 
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Table 3.1 Procedures per year for diseases [Class notes, Professor 
Frank Ko] 
  
Disease Procedure or patient per year 
Patella resurfacing 216,000 
Chondromalacia 103,400 
Miniscal repair 250,000 
Arthritis (knee joints) 149,900 
Arthritis (hip joints) 219,300 
Finger and small joints 179,000 
Osteochondritis 14,500 
 
 
Cartilage replacement can also be caused by road traffic injury and 
other joint diseases, such as, dysfunction of the Tempero-mandibular 
joint, congenital deformity of nasal septal cartilage or, elastic cartilage 
of external ear. Surgical replacements for these pathological 
conditions are being performed by the use of grafts. Sources of these 
grafts are primarily biological and synthetic.  
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3.4.1 Biological grafts 
 
Sources of these grafts are from human or animal origin. There are 
different types of biological grafts depending on the donor and 
recipient relationship. 
 
3.4.1.1 Auto grafts 
 
These are the most commonly used graft materials until now. A graft 
taken from one part of patient’s body to another is known as an auto 
graft. Common sources of these types of grafts are from the 
intercostals cartilage or elastic cartilage of the ear. Recent study [8] 
showed that nasal septal cartilage is a readily accessible autogenous 
material for the repair of traumatic orbital wall defect. The research 
claimed that the harvesting of the nasal septal cartilage creates 
minimum donor site morbidity. Complications after autogenous grafts 
are rare. Minas [9] in a study on chondrocyte implantation found a 
37% rate of complication followed by auto grafts that needed surgery 
and only 7% of the grafts resulted in failure. 30% of the total failures 
were due to falls during recovery period and 20% were due to defective 
adhesion of the graft.  
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Post-operative complication usually occurs in the first 8 months. A 
study by [9] reported a case of a 42 years old patient with autologous 
chondrocyte implantation. The defect was first arthroscopically 
debried and specimen of cartilage was obtained from a healthy part of 
the femoral condyle. 200-300 mg of healthy cartilage was harvested 
and underwent cell culturing. Four months later the defect was 
exposed with lateral arthrotomy. Then it was debried circumferentially 
back to a healthy rim of surrounding tissue. A periosteum patch was 
obtained from the tibia to place it over the defect and the patch was 
secured by suturing with an absorbable suture leaving a small 
opening for the chondrocyte implantation. Autologus chondrocytes 
were then injected underneath the patch. The small opening was 
closed with two sutures and the wound was closed in layers. One year 
after the implantation the patient had improved significantly and 
started to increase physical activities.  
 
Autologous chondrocyte implantation has been shown to result in 
clinical improvement in 92% of patients treated for isolated weight 
bearing femoral condyle lesions in a 2-to-9 year follow up {L. Peterson, 
1997, unpublished data [10])}.  
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3.4.1.2 Allograft 
 
In this type of grafting, the grafts are taken from a generally non-
identical donor of the same species as recipient. Allograft can also be 
defined as tissue transfer between two genetically different 
individuals. A study by Xia showed [11] cartilage can be generated in 
allograft animals with tissue engineering approach. Joint cartilage 
from ewe embryos was isolated and chondrocytes were collected and 
mixed with biomaterials for subcutaneous implantation. Novel 
cartilage was regenerated in allograft animals.  
 
A recent study by Peretti [12] was performed for articular repair, using 
allogenic cartilage chips that were transplanted in a biological polymer 
with articular chondrocytes. Small cartilage chips were lyophilized 
and then implanted in the subcutaneous tissue on the back of nude 
mice.  The experimental group was named ‘A’ and three control 
groups ‘B’, ‘C’ and ‘D’ was also prepared. The content of the groups 
were as follows: 
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Table 3.2 Contents of different scaffolds used for chondrocyte growth 
(data from (12)]. 
 
Group name Content 
A (experimental) Fibrin glue+ cartilage chip + chondrocytes 
B (control) Fibrin glue+ cartilage chip 
C (control) Fibrin glue+ chondrocytes 
D (control) Fibrin glue 
 
At 6, 9 and 12 weeks the constructs were harvested from the animals. 
Results from the evaluation of the mass of the samples before and 
after implantation are shown in Table 3.3. 
 
Table 3.3 Evaluation of the mass of the samples after cell culture [12] 
 
A (Experimental) Retained their original mass, presence of cartilage chips  
Surrounded by new cartilage matrix formation.  
B (control) Retained most of their volume, but statistically lighter  
than group A and also much softer and pliable than  
Group A. Only fibrotic tissue surrounding the 
devitalized cartilage pieces. 
C (control) Substantial reduction of original mass over time,  
demonstrated new cartilage formation. 
D (control) Substantial reduction of original mass over time.  
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3.4.2   Synthetic Grafts 
 
Synthetic grafts are mainly made of polymers. The types of synthetic 
polymer needed for graft materials can be grouped into two major 
categories:  
 
[1] Bio-stable polymer grafts that are sufficiently stable to allow their 
long term use as in artificial organs such as, heart valves, blood 
vessels and skeletal joints, kidney prosthesis etc.  
 
A study by Kotani shows [13] use of artificial tri-axial 3-dimensional 
ultra-high molecular weight polyethylene (UHMWPE) fiber woven inter 
vertebral disc demonstrated excellent in vitro and in vivo performance 
in both biomechanics and interface histology.  
 
In another recent study by Weinsweig [14] describes high density 
porous polyethylene (HDPP) was used for reconstruction of small 
joints of articular and osseous defects for exo-skeleton. Easy 
contouring to fit the defect and stable fixation permitted chondrocyte 
in growth and subsequent cartilage resurfacing. HDPP gained wide 
acceptance for using in craniofacial and skeletal reconstructions 
especially for non-weight bearing joints.  
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3.4.2.1 Biostable polymer scaffold with Ultra High Molecular 
Weight Polyethylene [UHMWPE] 
 
Hasegawa [15] performed in vivo studies on a three dimensional tri-
axial woven fabric [figure 3.4] with biostable polymer ultra high 
molecular weight polyethylene (UHMWPE) fibers to repair large 
osteochondral defect in rabbit knees. The fibers were 400 micron on 
average in diameter. The three dimensional fabric was designed to 
have compressive behavior similar to biological tissue.  
 
 
 
Figure 3.5: Photograph of 3-dimensional UHMWPE fabric scaffold. 
 
The compressive modulus was adjusted by changing the parameters 
such as, degree of coarseness or fitness of the threads, method of 
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weaving and the morphology of the texture. The fiber surface was 
coated with melted low-density linear polyethylene prior to weaving. 
The surface was later oxidized to increase the adhesive properties. 
About 70% of the surface was covered with hydroxyapatite micro-
power.  
 
The rabbits underwent arthrotomy under anesthesia. A full thickness 
osteochondral defect of (10 mm X 5mm) area and 5 mm deep was 
generated in the femoral articular cartilage using an osteotome. The 
defect was tightly filled with sterile 3D fabric, while other defects were 
left empty as control.  
 
 
 
 
Figure 3.6: Histology of increased bone formation around the 3-
dimensional scaffold after 8 weeks. (HE, x 40).[from 15] 
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The animals were killed 2-24 weeks postoperatively and analysis of 
cartilage formation was done. The macroscopic findings showed 
neither joint contraction nor infection in any of the rabbits. After 4 
weeks the defects with implants showed white glistening tissue on the 
margin. In the controls, the defect was filled with rough opaque that 
did not resemble the hyaline cartilage.  
 
The microscopic analysis showed hyaline-like cartilage in the implant. 
The newly formed cartilage did not degrease in amount after 24 
weeks. No obvious inflammatory reaction was seen. In control group 
the surface of the defect was covered with fibrous tissue. After 24 
weeks, fibrous tissue and fibro-cartilage were formed in both 
superficial and deep regions.  
 
Considering the ease of shaping this type of artificial cartilage without 
sacrificing organic tissue and their high compressive strength 
resembling the original tissue, this study concluded that, the use of 3-
dimensional fabric using UHPMPE fiber can be used as either a 
scaffold inducing tissue regeneration or as a prosthesis for permanent 
substitution. Its drawbacks included requirement for fixation and the 
risk of triggering debris particle generation.  
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[2] Biodegradable materials are the materials that are used to serve 
short-term purpose in the body. Then they are expected to decompose 
and metabolized or excreted from the body sometimes with release of 
drugs. Biodegradation refers the ability of a material to break down 
when they are exposed in physiological environment. The degradation 
that occurs through the cleavage of hydrolytic linkages along the 
backbone of the polymer can be induced by either enzymatic or non-
enzymatic mechanisms resulting in small, non-toxic molecules of the 
polymers that can be metabolized in the body.  
 
3.4.2.2 Study on in vitro chondrogenesis on degradable scaffold 
made of polymer obtained from animal origin 
 
Sechriest [16] developed a novel hydro gel matrix to support 
chondrogenesis by using chondroitin sulphate-A (CSA), chitosan and 
glycosaminoglycan (GAG) analog, to provide tissue-specific matrix 
molecules on the chondrocytic phenotype. The CSA-augmented, 
chitosan membrane was formed by cross-linking of the two materials 
to form a thin stable composite membrane. Unmodified polystyrene 
culture wells served a controlled surface.  
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Figure 3.7:  SEM view of primary bovine chondrocytes adherent to the 
CSA-chitosan membrane via discrete point attachments [Rough 
morphology of the chondrocytes is noticed] (16). 
 
 
Bovine primary articular chondrocytes were used for this study. They 
formed discrete, focal adhesions when seeded on a thin layer of CSA-
Chitosan (figure 3.6).  
 
The cells maintained round morphology of differentiating 
chondrocytes. Collagen type II and proteoglycans were produced by 
the cells.  Demonstrated by several other studies, chitosan is highly 
biocompatible, with low immunogenecity and biodegradable.  
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Lysosome plays an important role in degrading chitosan in to 
oligomers that are further hydrolyzed to simple sugar. Along with the 
natural abundance of chitosan from exoskeleton of most arthropods, 
these properties made this non protein polymer an attractive matrix 
for chondrogenesis. So, CSA-chitosan may be used as a carrier 
material for the transplant of the autologous chondrocytes and also as 
a scaffold for cartilage growth in vivo. 
 
 
3.4.2.3 In vitro cell culture on three dimensional resorbable 
porous scaffold made of synthetic polymer 
 
Guagala and Gogolewiski [17] studied in vitro growth and activity of 
chondrocytes on a three dimensional resorbable porous sponge.  
Scaffolds were made from 6 wt% poly-l-lactide polymer using the salt 
leaching technique. The average size of salt crystals was 400-630 
microns. Polymer solution with salts were poured into moulds and 
dried in order to get the three-dimensional structure. Salts were 
extracted. The ultimate pore size of the structure diminished into 350-
500 micron due to the post treatment process. Scaffolds were 
obtained by cutting the construct into pieces of required size. 
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Figure 3.8: Overall view of the as-prepared polylactide scaffolds. Scale 
bar represents 10 mm. [17]. 
 
Chondrocytes from Swiss mountains sheep were used for cell culture.  
The chondrocytes grew on the scaffold and maintained the round 
chondroblastic morphology.  
 
 
Figure 3.9: Scanning electron microscopy images of chondrocytes 
growing on PLA surface (scale bar represent 10 micron), [17]. 
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A fibrillar extra cellular matrix was formed shown in images taken at 
6 weeks which filled the pores in the scaffold.  
 
 
Figure 3.10: Scanning electron microscopy images of dense fibrillar 
extra cellular matrix produced by chondrocytes (scale bar represent 6 
micron) [17]. 
 
 
 
The total amount of DNA, proteins and proteoglycans increased with 
the time of experiments up to 9 weeks. In a period of 9 weeks, the 
cells migrated from one side of the scaffold to the other side. The 
study concludes that the Poly-L-lactide sponge with optimal pore size 
and adequate degradation rate should be able to promote cell 
attachment, proliferation and activity of the cells as well as maintain 
their chondroblastic phenotype on the scaffold. 
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3.4.2.4 Comparative study on cell culture using different 
scaffolds 
 
Ko [33] shows an interesting comparative study on cell culture using 
different kind of scaffolds. Results Shows highest proliferation of cells 
on the nanofiber scaffolds compared to the other scaffolds made from 
3-dimensional braided structure and polymer microspheres. 
 
 
 
 
 
 
 
 
 
Figure 3.11: Highest cell proliferation in nanofiber scaffold (C);   
least proliferation in 3D braided structure (A) and in between 
nanofibers and 3D braiding in microspheres (B). 
 
 
3.4.2.5 Nanoscale biodegradable three-dimensional scaffold made 
of electrospun nanofibers 
 
An interesting study from Li [18] poly-(D, L-lactide-co-glycolide) 
(PLGA) nanofiber scaffold with fiber diameter from 500 to 800 
nanometers was used to investigate in vitro bone cell proliferation. The 
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nanofibrous structure was fabricated by spinning the polymer 
solution into nanoscale fibers by creating a positively charged jet from 
the drops of the polymer and the nanofibers were collected into a 
negatively charged ground. Approximately 1 mm thick nanofibrous 
structure was obtained by continuous spinning of the polymer 
solution.  
 
 
Tensile properties of the scaffold were characterized by the Kawabata 
Evaluation system (KES-G1, Kato Tech Co, Japan). The results of the 
mechanical properties of the electrospun scaffolds, cartilage and skin 
were shown in the following Plot (figure 3.10) and table 3.4:  
 
Table 3.4 Comparison of tensile properties 
 
 
 
  
 
 
 
The scaffold was highly porous and had a wide range of pore diameter 
distribution. The structure also claimed to possess effective 
mechanical properties to support cell growth and a better degradation 
                            Electrospun structure    Cartilage     Skin 
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rate for chondrogenesis due to the use of the copolymer of poly-L-
lactide and glycolide.  
 
 
Figure 3.12: Stress-strain curve of three electrospun nanofiber mat. 
 
 
Figure 3.13: SEM images of cell culture on scaffold at day 3. 
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Figure 3.14: Scanning electron microscopy images of cell culture on 
scaffold at day 7. 
 
 
 
 
In vitro cell culture study showed that the chondrocytes maintained 
phenotypic shape of the cells and guided growth of cells according to 
the nanofiber orientation. . 
 
After 7 days of cell culture figure cell number reached a plateau. 
According to the explanation of the author, it was either because the 
increased number of cells occupied all the available spaces on the 
scaffold or the degradation of PLGA interfered and retarded the cell 
growth. 
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3.4.2.6 Biomechanical property of long-term in vitro engineered 
cartilage 
 
A study by Ma and Langer [27] evaluated mechanical properties of 
engineered cartilage up to 25 weeks. Non-woven fibrous disks made of 
poly-glycolic acid [PGA] were used as scaffold for in vitro chondrocyte 
culture. The disks were formed by staple fibers with length of 50-65 
mm and diameter of 15 micron. The evolution of mechanical 
properties was characterized up to 25 weeks. 
 
 
 
Figure 3.15: Comparison between the moduli (in Pascal) of engineered 
cartilage (intact and trimmed) and the natural cartilage. 
 
 
Specimens subjected to cell culture over 12 weeks were trimmed to 
have the thickness close to the original disk. The modulus improved 
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from week 12 to week 20 to a value of 14% to 40% of the natural 
cartilage. After reaching approximately 40% of the modulus, it 
remained the same value thereafter. It appeared to be that the 
extending the cultivation time will not lead the modulus of engineered 
cartilage equivalent to the modulus of the natural cartilage.  
 
3.4.2.7 Reflection of unique mechanical property of nanotubes in 
polymer fibers 
 
Another study by Ko [7] shows that nanotube incorporated polymer 
fiber significantly increases the mechanical property of the individual 
fiber. 
 
 
 
Figure3.16: Schematic of elasticity measurement of individual nanofiber 
using tapping AFM. 
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Figure 3.17: Load vs. indentation curve (using tapping AFM). 
 
Young’s modulus of Individual fibril was measured using the Atomic 
force microscopy technique. The modulus of an individual PAN (Poly 
Acrylonitril) fibril was measured ~1.0 GPa while a 10 wt% SWNT/PAN 
fibril ~ 2.0 GPa. 
  
3.4.2.8 Grafts with unique electrical properties of carbon 
nanotubes 
 
Supronowicz [19] showed a polymer nanocomposite containing carbon 
nanotube (CNT) when exposed to electric stimulation promotes the 
cellular proliferation and function of the cells several folds. Presence 
of electrical stimulation was discovered in the late 1950s. Since then, 
electrical stimulation has been used in the treatment for damaged 
bone tissue. Electrical current was delivered through metal electrodes 
during the repair process of the bone and had to be removed from the 
site of newly healed bone via a second surgery. Complication such as, 
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post operative infection at the implanted site and damage to the newly 
formed tissue during removal of electrodes often occurred. Above all, 
the extent of the electrical stimuli that can be delivered to the 
damaged tissue was limited. Capacitively coupled electrical field was 
delivered up to a limitation of 100 volts. Build up of proteins on the 
electrodes decreases the magnitude of the electrical stimulus and 
leads to an application of higher unsafe voltage. 
 
Non-porous PLA/CNT composite discs were prepared as the samples. 
20 wt% multi-walled CNTs were mixed with poly L-lactic acid (PLA). 
The slurry of CNT/PLA was sonicated 15 minutes and air dried for 48 
hours. To obtain full evaporation of solvent, the composite was 
vacuum dried at room temperature for 24 hours.  
 
Resistivity of the substrate was measure using three-point probe. 
Polylactic acid is an insulator and does not conduct current. In 
contrast, 80/20% (w/w) PLA/CNT composite was a composite 
material with resistivity of 0.2 (ohms) meter. 
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Figure 3.18 Osteoblast proliferation without (control) and with 
electrical stimulation. 
 
                                 
3.19: Calcium content in osteoblast cultures without (control) and 
with electrical stimulation. 
 
 
 43 
In vitro study showed after exposure to 10 micro-amperes at 10 Hz of 
electrical stimulation for 6 hours daily for 2 consecutive days, there 
was 46% increase in osteoblast proliferation and 307% increase in the 
concentration of extra-cellular calcium. Thus it can be concluded from 
the study that, the electrical stimulation delivered through the 
nanotube contained scaffold, while implanted in vivo can increase the 
rate of proliferation of cells and formation of extra-cellular calcium 
that are responsible for the chemical composition of the of the organic 
and inorganic phases of the bone. 
 
Another study by Mattson [20] shows conductivity of CNTs helped 
neuron growth on nanotubes coated with bioactive molecules. 
Unmodified MWNTs showed extension of 1 or 2 neurites on the other 
hand nanotube coated with bioactive molecules exhibited extensive 
branching of neurites. 
 
3.4.2.9 Successful cell proliferation with PLA (poly lactic acid) 
scaffolds 
 
A study from Gugala [ ] used 80/20% PLA scaffold for cell proliferation 
study of Sheep articular chondrocytes.   
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Figure 3.20: DNA, proteins and proteoglycans counts with time. 
 
 
 
The amount of DNA and amount of proteins -measured in cell lysate 
as well as the amount of proteoglycans -attached to the PLA scaffold 
was increased with time. The measurements were taken at 3, 6 and 9 
weeks of cell culture. 
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3.4.3 Limitation of the conventional biological grafts 
 
Though autologus grafts are readily accepted by the host site, the 
material for this type of grafts is not available without an additional 
surgical procedure to harvest the graft. This procedure is occasionally 
followed by pain, permanent scar, deformation or secondary infection 
of the donor site. The limited supply of the graft material and the 
donor site morbidity are the undesirable side affects that make this 
type of procedure less popular everyday. Sources of allogenic grafts 
are generally amputed limb, live donor or cadaver donor. Amputed 
limbs are very limited.  There is a high chance of ultimate rejection of 
the material. Immune-suppression may occur because of the 
pathological process that led to the amputation. The live donors suffer 
permanent scar, placed at risk of infection, blood loss, anesthesia etc. 
To bear the cost of hospitalization of donor is expensive. For cadaver 
donor careful selection is needed. Expensive preservation process 
Cryo-preservation may be needed for long term preservation before 
implantation. Use of biostable polymers may have expected results in 
the beginning, but eventually results into long term wear and tear. 
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3.4.4 Indications of synthetic grafts or implantation over 
biological grafts 
 
When faced with a failing organ or, devitalized tissue, physicians have 
searched the animal kingdom or other humans for replacement. With 
time, synthetic replacements have developed to overcome the 
inconvenience of obtaining biological grafts.  
 
In this study, a synthetic graft made of biodegradable polymer PLA 
nanofibers reinforced with nanotubes was used to provide enough 
time for cell growth after being implanted. Eventually the 
biodegradable polymer structure is going to degrade with time being 
replaced by newly formed tissue. 
 
3.4.5 Advantages of using synthetic grafts 
 
Synthetic grafts can be produced in mass amount and that helps to 
overcome the limitation of supply in case of biological grafts. 
Biocompatible grafts with satisfying design are usually free of all 
problems of rejection and antigenic reaction that makes them the 
choice of graft over biological grafts. In general they are more durable 
outside the body and usually needs no expensive processing for their 
preservation prior to implantation. Unlike biological grafts they 
usually have indefinite shelf life. 
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CHAPTER 4: METHODOLOGY 
 
SWCNT were collected from Rice University. They were purified and 
dispersed in a solution. Chloroform (CHCl3) was used as a solvent for 
the PLA solution and DMF was used to disperse the CNTs. The 
dispersed nanotubes and the PLA solution was mixed together 
thoroughly in order to obtain a homogeneous distribution of the 
nanotubes in the polymer solution. Then the mixture was ready to 
spin. Electrospinning process was used to spin nanofibers from the 
solution. Finally a CNT/PLA nanofiber matrix was prepared as a 
scaffold for chondrocyte proliferation. Bovine chondrocytes were 
seeded in the samples to test cell proliferation and collagen formation 
in vitro.  
 
 
4.1 Materials and methods for sample preparation 
 
Carbon nanotubes were purified prior to their reinforcement with the 
polymer. Sample preparation was conducted in several steps: 
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4.1.1 Purification of carbon nanotubes (CNTs) 
 
Iron entrapped in carbon shells is the predominant impurities of 
HiPco nanotubes. Purification was done in steps to get rid of the Iron 
catalysts. 
 
4.1.1.1 Step I: Rinsing and vacuum filtration 
 
Vacuum filtration process was used to filter the SWCNTs. Filter paper 
with pore size 0.3 micron was placed in the filtration apparatus. To 
activate the Teflon filter paper, it was used to rinse with Methanol 
prior to the filtration of the CNTs. Measured amount (named as 
‘Original weight’) of nanotubes were then placed on the filter paper 
and was rinsed with Methanol and de-ionized water (D.I. water) for 
couple of times. After washing thoroughly, the CNTs were filtered with 
vacuum filtration. 
 
4.1.1.2 Step II: Oxidation 
 
In order to oxidize the iron catalysts the nanotubes were heated at 
200oC for 15 hours in a tube furnace with continuous oxygen flow. 
The goal was to let the iron impurities to form Iron oxides and 
hydroxides in the presence of oxygen inside the furnace. Filtered CNTs 
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were weighted and placed in a mallet boat and the boat was placed 
inside the tube furnace. Oxygen gas was arranged to flow over the 
CNT continuously from an oxygen cylinder. The nanotubes were 
weighed after the oxidation process. Weight gain was expected after 
the oxidation. An increase in weight of the CNTs was observed from 
the ‘Original weight’ of the CNTs indicating formation of oxides and 
hydroxides of the metal impurities. The oxidation process as described 
in the following equation: 
 
            Fe+ O à FeO     ….    ….       ….    ….    (1) 
 
 
4.1.1.3 Step III: Rinsing and soliciting with  
Hydrochloric acid (HCl) 
 
HCl was added with the oxidized nanotubes and the acid solution 
instantly turned into yellow color. The yellow coloration indicates that 
the Iron came out of the carbon shell of the CNTs and formed Iron 
chloride with the chloride ion of HCl solution. The formation of Iron 
chloride can be described by the following equation: 
 
FeO (result of oxidation) + HCl  à  FeCl (yellow) + H2O  …  ... (2) 
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The sample was put under sonication for 20 minutes for complete 
removal of iron from the carbon shells into the solution. CNTs were 
washed with methanol and D.I. water couple of times and filtered with 
vacuum filtration. Nanotubes were then placed in an Erlenmeyer 
flask. Weight of nanotubes was reduced after washing with HCl, 
compared to the weight before washing. This indicates the removal of 
iron catalyst from the nanotubes. Sample was dried in vacuum oven 
approximately at 100oC for 2 hours and weighed. Weight reduction 
was observed from the ‘Original weight’ of the CNTs indicating 
purification of the nanotubes.  
 
4.1.2 Preparation of CNT/PLA matrix 
 
Nanofiber matrix was produced in several steps of dispersion on CNT, 
formation of polymer solution and mixing them to form a suspension.  
 
4.1.2.1 Step I: Dispersion of nanotubes 
 
Carbon nanotubes form stabilized bundles due to the presence of Van 
der Waals force, and bundle of CNT together form ropes. So, thorough 
dispersion of the CNTs was necessary in order to obtain a well 
distribution of the CNTs in the scaffold. Di-methyl formamide (DMF) 
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from Aldrich Catalog # 31,993-7, density 0.944 was used as the 
media for dispersion of the nanotubes. The amount of nanotubes 
needed to form a final solution of 1% and 5% CNT/PLA solution was 
dispersed in certain amount of DMF separately. The mixtures were 
sonicated 3-4 hours in an Ultrasonic sonicator with 60oC of heat. The 
amount of DMF used for dispersion was calculated as the same 
amount of DMF that suppose to be present in the final solution. The 
rapid evaporation rate of CHCl3 leads to clog formation in the mouth 
of the syringe resulting in an untimely cessation of the spinning. The 
purpose of the presence of DMF in the solution during spinning is to 
diminish the rapid evaporation of the Chloroform during the 
electrospinning process. 
 
 
4.1.2.2 Step II: Preparation of the PLA solution 
 
Poly L-lactic acid (PLA) from Polyscience Inc. with molecular weight 
300, 000 was used as the polymer to for scaffold. Chloroform was 
used as the solvent. 20wt% PLA/CHCl3 solution was prepared by 
shaking the mix on a stir plate for half an hour with low heat. 
Magnetic stirrer was used to stir the polymer with the solvent. The stir 
plate was stopped after a homogenous clear solution was prepared.  
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4.1.2.3 Step III: CNT/PLA suspension 
 
The PLA solution was then mixed with CNT/DMF dispersion. The 
mixture was sonicated for 3 to 4 hours for a homogenous suspension 
of the CNT in the solution. Two separate suspensions were prepared 
that should contain 1% and 5% CNT in the in the final CNT/polymer 
fiber mat. 
 
4.1.2.4 Step IV: Electrospinning of CNT/PLA fiber mat 
 
Electrospinning is a non-mechanical process for producing fibers with 
a diameter of as low as nano and micro- scale size. In this process, a 
syringe with the facility of constant supply of current is used as a 
source for the polymer solution and a metallic screen is used as the 
collection plate of the fibers after spinning. A high electrical field is 
generated between the source and the collection plate. After a 
reaching a certain voltage difference, the electrical charge that passing 
through the polymer solution overcomes the surface tension of the 
polymer solution drop that is formed on the tip of the syringe. 
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The flow chart for preparation of CNT-PLA sample is described below: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
  
 
 
 
 
 
 
Figure 4.1:  Flow chart for the steps of nanotube-nanofiber sample 
preparation. 
 
 
 
 
 
Purification of Carbon 
nanotubes 
Dispersion of Carbon 
nanotubes 
Preparation of Polymer 
solution 
Mixing of nanotube with polymer solution by 
sonication 
 
Electrospinning of 
nanotube- 
incorporated 
nanofiber matrix 
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Figure 4.2: Electrospining of SWCNT/PLA nanofiber matrix. 
 
 
Then the positively charged solution starts to fall in the form of high-
speed jet with in a cone shape radius resulting in production of very 
thin fibers on the way. The solvents are evaporated during the 
passage of the polymer jet and the fibers are collected in the 
negatively charged metallic ground.  
Voltmeter 
Polymer jet 
Nanofibers  
Collection 
screen 
(Negatively 
charged) 
   Polymer 
solution 
 Positive charge flow 
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The diameter of the fibers can be regulated by varying the 
concentration of the fibers, the voltage during the spinning, the 
distance between the source and the collection plate or the charge 
density (Voltage/cm). Expected thickness of the polymer fiber mat can 
be obtained by simply increasing the spinning time and amount of 
polymer. Electrospun nanofiber matrix provides very high surface 
area (~103m2/gm) and high porosity (~65%-75% porosity) are 
promising properties for their application in the biomedical field. Light 
weight and flexibility of the structure also add new dimensions in 
their uniqueness as scaffolds for tissue engineering.  
 
 
 
Figure 4.3: Over all view of the 0%, 1% and 5% nanotube-nanofiber 
scaffolds (left) and SEM picture of the 1% CNT/PLA samples [right]. 
 
 
In this study 0%, 1% and 5% CNT containing PLA nanofiber mats 
were produced for studying the in vitro chondrocytes proliferation. The 
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charge density during the electrospinning process was maintained 
approximately 1.5 V/c. 
 
4.2 Methodology for cell culture 
 
 
4.2.1 Preparation of the scaffold prior to cell culture 
 
 
Two PLA nanofiber samples were used with different content of 
nanotubes (1 wt% and 5 wt% CNT). A control group of sample was 
used that was made of only PLA nanofibers without any nanotubes (0 
wt% CNT). Area of each scaffold was maintained [1 cm2] and weight of 
each scaffold was measured using a digital scale. Both sides of the 
nanofiber scaffolds were sterilized under a laminar flow hood by ultra 
violet radiation. The scaffolds were placed into separate wells of a 24-
well cell culture dish and washed with 70 % ethanol followed by three 
washes with Dulbecco’s modified Eagle’s medium (DMEM). 
 
4.2.2 Chondrocytes 
 
Calf articular chondrocytes obtained from Animal Technologies, Tyler, 
Texas were used for the in vitro studies. 
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4.2.3 Seeding of chondrocytes onto the scaffolds 
 
Calf chondrocytes stored in liquid nitrogen were suspended in DMEM 
supplemented with 10% fetal bovine serum, penicillin/streptomycin, 
fungizone, and ascorbic acid at concentration of 50 mg/ml. 
 
The cells were counted with use of a hemacytometer and then 
suspended to a density of 20,000 cells/ml. Chondrocytes were seeded 
onto scaffold positioned at the bottom of a cell-culture well by adding 
0.5 ml of cell suspension/well. Hence, number of cells/scaffold/well 
was 10,000.  
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CHAPTER 5: CHARACTERIZATION 
 
 
Sample was characterized to confirm the presence of nanotubes, to 
evaluate the structure, topography and physical properties of the 
nanofiber nanotube matrix as well as to analyze the results of cell 
proliferation. 
 
5.1 Spectral and microscopic analysis of PLA/CNT scaffold 
 
Raman spectroscopy was used as the tool for spectral analysis of CNT 
containing polymer samples. The through analysis of the structure of 
the scaffold was performed by Scanning electron microscopy.  
Transmission electron microscopy was performed to confirm the 
presence of nanotubes as well as their orientation in the polymer 
fibers. Atomic force microscopy was used for study of the topography 
of nanotube containing single polymer fiber. 
 
5.1.1 Raman spectroscopy 
 
Raman spectroscopy Analysis has been conducted on the CNT/PLA 
samples. A Reinshaw Raman micro-spectrometer Ramanscope 1000 
was used to record the spectra. A diode laser with 780 nanometers 
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excitation wave length, 12 W/cm2 was used. The diode laser 
corresponds to the equivalent photo energy of 1.58 eV (laser 
excitation). 
Raman spectra of SWCNTs show a strong mode at approximately 180 
cm-1, also called the radial breathing mode (RBM) due to its origin in 
radial vibrations of the tubes. Additionally, the spectra show several 
strong lines between 1500 cm-1 and 1600 cm-1. Since these lines can 
be derived from the G-mode of pyrolytic graphite at 1580 cm-1, they 
are globally assigned as graphitic species. They are associated with 
the tangential displacement of the C-C bond stretching motion of the 
nanotubes.  
The RBM frequency near 180cm-1 of SWCNTs scales with the inverse 
diameter of the tubes without any dependency on the chiral angle. On 
the other hand, the modes within (1580-1590) cm-1 are depended on 
the chirality of the nanotubes and expected to be weakly dependent 
on the nanotube diameter. 
Sample preparation 
Samples were cut into (1cm X 1cm) small pieces to place under the 
microscope. 
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5.1.2 Transmission electron microscopy 
 
Transmission Electron Microscopy (TEM) images were taken to see the 
molecular structure of the CNTs at a high magnification, and their 
position in the polymer fibers, that is not possible to observe with 
Electron microscope, Scanning Electron Microscope or Atomic Force 
Microscope. The other purpose of using this method was to compare 
the amorphous PLA fiber with the CNT containing nanofibers at a 
higher magnification and also to see the presence of nanotubes inside 
the fibers in a lower magnification. Some crystalline structure of 
impurities was observed, those were expected to be distinctly different 
from the structure of the nanotubes. In this study, JOEL.JEM 2010 F 
Field Emission Electron Microscope was used for taking images.  
 
Sample preparation 
 
Lacey Carbon–coated Copper TEM grids with a diameter of 3 mm were 
used to collect the CNT/PLA fibers directly from the electrospinning 
jet during the spinning process. 
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Imaging 
 
The samples were placed inside the sample holder then the sample 
holder was placed inside the objective apparatus of the microscope. 
High Vacuum was created. The voltage was set at 200 Kilovolt. Airlock 
was opened to allow the electron beam pass on the sample. Beam 
current was adjusted and time was allowed for the filament to heat 
up. When the Image started to show up in the screen, they were 
focused and images of the area of interest were saved. 
 
5.1.3 Scanning electron microscopy of the nanofiber fabric  
 
Scanning Electron Microscopy (SEM) images were taken for the 
characterization of the polymer fiber scaffold. Pore size, porosity of the 
fiber scaffold and average diameter of the fibers could be measured 
from the images. Pore size is an important parameter for the 
migration of cells from one side of the scaffold to the other. The 
porosity of the scaffold is expected to resemble the porosity of the 
original cartilage tissue in an extent. The diameter of the fibers 
indicates the scale-size of the sample. As, a nano-scale size scaffold 
should allow perfection in the nano level. The fibers are expected to be 
mostly in the nanometer diameters. Also, distinct change in the 
surface morphology of the polymer fibers is expected between CNT 
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containing fibers and plain polymer fibers. Alignment of the 
nanofibers also can be observed, as it is necessary for the CNTs to be 
arranged in a well-oriented manner to reflect their conductive 
property in the polymer nanofiber matrix. The average fiber diameter 
and average pore size for each sample were measured directly from 
the images. Porosity of the polymer fiber mat was indirectly calculated 
from the area covered by the fibers per unit area of the sample.  
 
Sample preparation 
 
All three samples (0%, 1% and 5% CNT/PLA) were cut into small 
pieces of (1cm X 1cm) area.  The samples were coated with gold using 
the Gold- sputter machine. The gold-coated samples then were 
inserted in the sample holder inside the microscope. The acceleration 
potential was maintained 20 kilo Volt. Various images were taken for 
each sample in different magnifications. 
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5.1.4 Tapping modeTM atomic force microscopy  
of individual nanofiber 
 
Atomic force microscopy was performed to get the images for the 
characterization of the surface topography of individual PLA fibers 
that contain CNT and to compare the individual polymer fibers that 
do not contain any nanotubes. The images also gives us information 
of the orientation of the fibers and interaction on their cross over 
points.  
  
Sample preparation 
 
A flat, smooth surface is required for the sample to attach with and a 
firm attachment of the fibers on the substrate is required in order to 
get the images. Mica was used as the substrate as they are able to 
hold the fibers strong enough to withstand the vibration of the tip on 
the sample during imaging.  
 
Mica was cut into small pieces (5 mm X 5mm) and the top layer was 
removed using an adhesive tape to obtain a fresh surface. The mica 
was passed through the electrospinning jet to get a sparse 
distribution of the fibers.  
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Basic principle of tapping mode AFM 
 
In tapping mode Atomic force microscopy, the sample remains in a 
fixed position and a cantilever is attached to a peizo-electric stack that 
excites the cantilever vertically. The tip bounces up and down due to 
the excitement, resulting into oscillation of the cantilever in free air at 
its resonant frequency. 
 
As the cantilever bounces vertically, the reflected laser beam is 
deflected in a regular pattern over a photo-diode array, generating a 
sinusoidal electrical signal. The signal is converted into a root mean 
square (RMS) amplitude value, which displays in AC volts on the top 
most meter is located on the front of the multimode base. 
 
 
Figure 5.1: Scheme of atomic force microscopy. 
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Although peizo-electric stack continues to excite the cantilever, the tip 
is deflected into its encounter with the surface. The reflected laser 
beam is the returning signal, reveals information about vertical height 
of the sample surface and some characteristics of sample material 
itself, such as-hardness (elasticity), presence of electrical and /or 
magnetic forces. 
 
Method of tapping mode AFM 
 
Microscope was switched in tapping mode. AFM mode parameter was 
set to Tapping. Real time control panel parameters were set within 
reasonable limits. Set point is initially set by the software during 
engagement, and was adjusted up/down afterwards. Drive frequency 
varies according to each cantilever (given by the manufacturer). For 
tapping mode cantilever, drive frequency should be set close to +/- 50 
kHz. 
 
Adjust laser and photo detector 
 
The fitting and alignment of the tip holder with the tapping mode 
single crystal silicon probe was verified. Photo-detector voltage values 
were displayed on meters mounted on the front of the multi mode 
base. The laser photo-detector was adjusted. The laser spot was 
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approximately centered prior to entering the cantilever tuning. The AC 
voltage signal representing RMS amplitude was used to provide the 
dynamic feedback signal for surface height tracking. The vertical 
deflection signal (displayed in the vertical/horizontal difference meter) 
was close to zero (+/- 1.0 Volt) prior to running cantilever tune or 
attempting engagement. 
 
 
Figure 5.2: Multi-mode base of an atomic force microscope. 
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Tuning the cantilever 
 
Tuning is done to find the resonance peak of the cantilever. In order 
to adjust the oscillation voltage for making the cantilever be vibrated 
within appropriate amplitude. Auto tuning was selected to tune the 
cantilever to receive a tuning performed by the ‘Nano-scope’ by 
default. 
 
Setting the drive amplitude and set points 
 
After the cantilever was tuned to its resonant frequency, the free 
vibration amplitude was specified. The desired operating amplitude 
depending on the sample and other scanning conditions was around 
1-3 volts.  
 
Engaging the microscope 
 
All control panel parameters were rechecked. The feedback gains and 
the scan rate are most important parameters. Integral gain parameter 
was adjusted and the proportional gain was made 4 times of the 
integral gain. The scan rate was below 2 Hz. The sample was moved to 
the area of interest using the stage manipulator. The meter was used 
to verify that if the vertical deflection was between –1 to +1 and the 
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RMS amplitude in the topmost meter is 1-2 volts. In the upper real 
time menu bar, under the motor menu ‘Engage’ was selected. Pre-
engage check was seen, followed by Z-stage motor sound. If for any 
reason, it aborts, it indicates, the tip is still too far from the sample 
surface, the coarse adjustment screws should be used to bring tip and 
surface close together. If all goes well, a well-formed image will begin 
to appear on the display monitor. To image another part of the 
sample, withdraw command was executed to prevent any damage of 
the tip, and re-engage the tip. 
 
Withdrawing the tip 
 
‘Withdrawal’ from Motor menu was selected and the scanning was 
stopped. The up/ down switch of the multimode base was toggled. 
Then carefully the sample was drawn without damaging the tip. 
 
Imaging  
 
All acceptable images were saved by selecting the ‘yellow camera’ icon. 
Capture icon was selected to capture a file name. 
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5.2 Characterization of the physical properties of  
CNT/PLA scaffold 
 
Introduction of carbon nanotube in the polymer matrix is expected to 
influence the strength and the electrical conductivity of the scaffolds. 
So, the comparative study of the mechanical properties and electrical 
conductivity of the samples with and without nanotube were 
evaluated. 
 
5.2.1 Measurement of the mechanical property of  
CNT/PLA nanofiber matrix 
 
The modulus of 0%, 1% and 5% CNT/PLA fiber mat was measured 
indirectly from the Instron 1125 Universal Testing Machine. Load–
deformation curve was obtained by applying a known load and 
measuring the deformation of the sample. Stress-strain curve was 
derived from the Load–deformation curve using the specific area of the 
samples to obtain initial modulus for all three samples:  
 
 
 
The modulus was calculated from the slope of the Stress-strain curve 
obtained from the following equation: 
Stress, s  = Load / Specific cross sectional area of the sample …       …   (1) 
Strain, e  = Elongation / Original Length …    ….    ….   …   …   …   …  (2) 
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The modulus expressed in the units of gm/mm2 and was converted 
into GPa (Giga Pascal) in order to compare the strength of the 
CNT/PLA material with the strength of human cartilage. Following 
equation was used for converting gm/mm2 into GPa. 
 
 
 
Size of the sample 
 
Each sample was cut into a (5cmX 1cm) area and was mounted into a 
paper strip with a punch of same size of the sample.  
 
 
 
 
Figure 5.3: Schematic of sample for using in the Instron. 
 
1 cm 
5 cm 
Sample 
 
Holder 
1 gm/mm2 = 0.01Newton/ (0.001)2meter = 10,000 N/m2 = 0.01 MPa 
= 0.00001 GPa …   …   …   …   …   … (4) 
Modulus E= s/e     ....   …    ….    ….   … (3) 
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Both sides of the sample were taped in the paper with double stick 
tape. The thickness of the samples varied slightly from place to place. 
An average of the thickness was recorded for each sample.  
 
 
    
5.2.2 Measurement of conductivity of  
CNT/PLA fiber mat with four–probe device 
 
Four-Probe Device was used to determine conductivity of 0%, 1% and 
5% CNT/PLA samples. Four Platinum wire electrodes are situated 
side by side on the device. The probes are placed in contact of the 
sample. Current is passed through the two external electrodes and 
the two inner electrodes measure the potential voltage drop. The 
principal of this method was to measure conductivity indirectly by 
determining the resistance of the sample using the slope of the voltage 
vs. current plot  and then calculate the resistivity (r). The following 
equation was used to measure the resistivity. 
 
r = RA / L  ....    ....    ....    (1)  
 
Where, r  = resistivity (W-cm), R= resistance (ohm), A= area (cm2) and 
L= distance between the probes (cm). 
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The resistivity was converted into conductivity 1/W-cm or 
Seimens/cm) using the following equation.  
 
 
 
Experimental protocol for four-probe analysis 
 
Two resistors were placed in parallel to measuring the voltage 
difference by passing a known amount of current. The CNT/PLA 
sample was considered as one Resistor (R1). Another resistor made of 
Silicon Wafer was used with a known resistance was named (R2). Both 
R1 and R2 have the same diameter (10cm) and area?  Resistance of the 
Silicon Wafer was 38.969 W. The resistance of the two resistors R1 and 
R2 in parallel was measured together (R=R1+R2), and the resistance of 
the CNT/PLA sample was calculated from subtracting the resistance 
of the silicon wafer from the total resistance. The total resistance (R) 
was calculated from the slope of a voltage vs. current curve (V vs. I) 
obtained from the data collected from the experiment.  
 
Preparation of the sample 
 
5% CNT in PLA nanofiber mat was prepared by electrospinning. The 
fibers were spun directly on the silicon wafer and were cut into the 
Conductivity = 1/r …      (2) 
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same size of the wafer, to obtain same area for the two resistors. The 
charge density during the electrospinning was maintained1.5 kV/cm. 
 
 
 
  Figure 5.4: Four-probe device for measuring conductivity. 
 
Method of experiment 
Sample was placed on the silicon wafer and the wafer was placed on 
the sample holder of the Four Probe device. The probes were brought 
in contact with the sample. The Ammeter and the Voltmeter was 
 Ammeter CNT/PLA sample 
Silicon Wafer 
4 probes 
Sample Holder 
Voltmeter 
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switched on. The two probes in the center were connected with the 
ammeter and the two probes on the outer sides were connected to the 
volt meter. Current was passed through the two resistors and the 
change in voltage was recorded. Two ‘Voltage vs. Current’ data were 
collected. One was measured by changing the flow of current from 
‘Zero” to a step size of 0.1 mili-amperes (mA) and the other one was 
measured by changing the current from ‘Zero’ to 1 mA until it came to 
an overloaded position. Two different V vs. I curve was obtained from 
two different data. Two different conductivities were calculated from 
the result of the two data and were considered as a range for the 
sample. The conductivity of all three samples with different weight 
percentage of nanotubes (0%, 1% and 5%) was measured using the 
same procedure. 
 
5.3 Characterization of the samples after cell culture 
 
To analyze behavior of chondrocytes seeded onto scaffolds with 
different content of nanotubes, cell number, procollagen II secretion, 
and analysis of morphology of cells by scanning electron microscopy 
were performed. 
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5.3.1 Analysis of cell number (MTT assay) 
 
MTT (3-[4, 5-dimethylthiazol-2-y]-2.5-diphenyl tetrazolium bromide) is 
tetrazolium salt that is used in the spectrophotometric quantification 
of viable cells. MTT is a pale yellow substrate that is chemically 
cleaved by living cells to form purple formazan crystals. Since the 
cleavage is a result of cellular reduction that requires active 
mitochondria, it can only take place in metabolic active cells. 
 
Figure 5.5: Spectrophotometer used for the MTT analysis. 
 
Spectrophotometer shines a light through the sample to determine the 
percent that the light is absorbed by the sample for detecting the 
concentration of the solution. 
After seven days of culture 20 ml of MTT (Sigma-Aldrich, Cat #2128) 
stock solution – [5mg/ml] in phosphate buffered saline (PBS) was 
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added to each well. The wells were placed on a rotating plate and 
mixed thoroughly. Cleavage of MTT was allowed to take place by 
incubating the MTT containing samples for 3-4 hours at 37oC. After 
the incubation period, purple crystals were seen on the bottom of all 
of the wells containing samples and in the four control wells. To 
solubilize MTT metabolites 0.1 ml isoproponol/HCl was added to each 
well and mixed thoroughly by agitating with micropipette. Isopropyl 
alcohol was added to solubilize the cell membrane (lipid). Because 
formazan salt crystals present inside cells are insoluble in aqueous 
solution, hydrochloric acid was added to dissolve the crystal products.   
Consequently, the solubilized compound was suitable for quantitative 
measurement with use of spectrophotometry. The wavelength used to 
measure absorbance was 590 nanometers. 
 
 
5.3.2 Analysis of Procollagen II secreted from chondrocytes 
 
Collagen is a structural protein that is present in extra cellular matrix 
of different tissues for mechanical support and strength. In cartilage, 
the predominant type of collagen-collagen II is synthesized by 
chondrocytes in a considerable amount during growth and 
differentiation. Therefore, the qualitative analysis of collagen II can be 
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considered as convincing evidence on differentiation and viability 
chondrocytes in the scaffold.  
 
     Figure 5.6: Schematic of electrophoresis. 
 
Western blot allows visualizing individual protein. Electrophoresis is 
the process of migration of charged molecule in an electrical field. 
Proteins migrate and are separated based upon size and charge. 
Particular proteins (antigen) are blotted in particular sites of the 
membrane. For our study procollagen II antigen was used. Primary 
antibody is used to detect the antigen (blotted protein)-  Anti-collagen 
II polyclonal antibody from Bioscience Inc. was used as primary 
+
(-) 
(+) 
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antigen for our study. A secondary IgG [Immunoglobulin-G] antibody 
is used to detect the primary antibodies which have bound with 
antigen. Anti rabbit IgG, conjugated with horseradish peroxide from 
Sigma Aldrich was used for this study. 
 
Scaffolds seeded with calf chondrocytes were put into 200 ml of cell 
culture media supplemented with ascorbic acid, which is needed for 
production of stable collagen molecules. After 48 hours of culture, the 
media was collected and proteins secreted by cells to the media were 
concentrated by ultra-filtration. Media of 0%, 1% and 5% scaffolds as 
well as the media from the cells seeded directly to a culture dish were 
examined by electrophoresis followed by Western blot analysis. The 
anti-collagen II polyclonal antibody (Biodesign Inc. Cat. # T59104R) 
was used as primary antibody to detect procollagen II. Secondary 
antibody was anti rabbit IgG, conjugated with horse radish peroxidase 
(Sigma Aldrich). Protein bands were visualized by chemiluminescense 
(ECL kit; Pharmacia-Amersham). Chemiluminescence is a chemical 
process where light is produced without any heat production. 
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5.3.3 Morphological study of cells and matrix synthesis by SEM 
 
Scanning electron microscopy was used to study the cell attachment, 
differentiation of the cells and their migration in the deeper layers of 
the scaffolds. Primary fixation of specimens was achieved by 
suspending the samples in 2.5% glutaraldehyde for two hours at room 
temperature. Samples were then washed with distilled water at room 
temperature for 10 minutes followed by a repetition of three times for 
complete removal of glutaraldehyde. Dehydration of the samples was 
performed through a series of graded ethyl alcohol solution (25%, 
50%, 75%, 90%and 100%, respectively). Freon [Trichloro-trifluoro-
ethane) was added for drying of the samples. Samples were then 
covered with a perforated sheet of Para film and air dried over night. 
Dry cellular constructs were then coated with gold in a sputter 
machine and stored in a desiccator’s for future study under Scanning 
Electron Microscopy.  
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CHAPTER 6: RESULTS AND DISSCUSSON 
 
6.1 Results from spectral and microscopic analysis 
 
6.1.1 Results from Raman spectroscopy 
 
Raman spectroscopy was used to perform comparative study of the 
structure-property relationship between the PLA nanofiber mat and 
the nanotube/PLA nanofiber composites. The spectra were fitted by 
searching the minimum number of frequencies that fitted the different 
raman bands.  
 
 
Figure 6.1: Raman spectrum of 0% SWNT/PLA at 780 nm excitation. 
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Figure 6.2: Raman spectra of 1% SWNT/PLA at 780 nm excitation. 
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Figure 6.3: Raman spectra of1% SWNT/PLA at 780 nm excitation. 
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Figure 6.5: Raman spectra of 5wt% CNT/PLA sample at 780 nm 
excitation. 
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Figure 6.4: Raman spectra of 5wt% CNT/PLA sample at 
excitation 780 nm. 
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Figure 6.6: Raman spectra of 5% SWNT/PLA at 780 nm excitation. 
 
Raman spectroscopy analysis was performed on all three types of 
samples. The polymer fiber mat without any nanotubes showed no 
dominating modes for carbon nanotubes as well as carbon indicating 
absence of carbon nanotube and graphite in the sample. Typical 
peaks of single walled carbon nanotubes were observed in all of the 
samples containing nanotubes. In the Raman spectra two most 
intense bands for the SWNT are found. It can be concluded that the 
structure of the PLA-nanofiber samples has been greatly altered by 
the nanotube reinforcement. The comparative study between the 
samples shows convincing evidence of change in the relative 
intensities and modes with the variation in the weight percentage of 
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nanotubes in the structures. The analysis from the Raman 
spectroscopy images are as follows: 
 
The spectrum in Figure 6.1 shows no band for the CNT indicating the 
absence of nanotubes in the sample. The RBM mode was ranged from 
(2000-100) cm-1, extended. Time used for spectra was 30 sec. 
Accumulation was set into 1 and 25% power was used. Focus was set 
at zero with Grating 1200.  
 
In figure 6.2 the spectra show very strong peak at 1582 cm-1 for C-C 
bond of the sp2-hybridized graphite and groups of modes with one 
center sharp peak near at 180 cm-1. Experimental conditions: The 
range for the RBM was arranged (2000-100) cm-1. Time used for 
spectra was 30 sec. Accumulation was set into 1 and 25% power was 
used. Focus was set at zero with Grating 1200.  
 
Figure 6.3 fitted the part of spectra that has an apparent broadening 
on low frequency sides with several strong bands for carbon. 
Dominating peak at 180 cm-1 indicates the presence of carbon in the 
sample. Range for the RBM spectra was set within (50-500) extended. 
Time used for spectra was 30 sec. Accumulation was set into 1 and 
25% power was used. Focus was set at zero with Grating 1200.  
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Figure 6.4 shows peak for CNT at 1582 cm-1. Range for the breathing 
mode was set at (2000-1000) cm-1. Time used for spectra was 30 sec. 
Accumulation was set into 1 and 25% power was used. Focus was set 
at zero with Grating 1200.  
 
Figure 6.5 shows peak for carbon/graphite peak at 1582 cm-1 and 
CNT peak at 180 cm-1. Range for RBM spectra was set (2000-100). 
Time used for spectra was 30 sec. Accumulation was set into 1 and 
25% power was used. Focus was set at zero with Grating 1200.  
 
Figure 6.6 was fitted by searching the band for carbon. The spectrum 
shows very sharp peak for CNT at 180 cm-1. Few other modes are 
observed around 250 to 275 cm-1. Range for the RBM was set (50-500) 
cm-1, extended. Time used for spectra was 30 sec. Accumulation was 
set into 1 and 25% power was used. Focus was set at zero with 
Grating 1200.  
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Figure 6.7: Comparative Raman spectra for 0%,1% and 5%CNT/PLA 
samples. 
 
 
Typical peak for SWNT in the range of 130-275 cm-1 and Graphene 
peak are seen [figure 6.7] from 1500-1600 cm-1 shift are convincing 
evidence for the successful reinforcement of CNT in the PLA fibers. 
Intensity of the spectra indicates the amount of nanotube. It is clearly 
seen from the comparative spectra that the higher the percentage of 
nanotubes, the higher the intensity of the peak. 
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6.1.2 Results on transmission electron microscopy 
 
TEM image of nanotubes in the fibers as well as amorphous fiber was 
taken for comparative study. 
 
 
 
Figure 6.8: An empty nanofiber without any nanotubes. 
 
 
 
Clean fiber 
200 nm 
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Figure 6.9: TEM image of SWCNT containing PLA nanofibers. 
 
 
SWCNT bundles and ropes were clearly seen inside single polymer 
fibers [Figure 6.9]. The diameters of the PLA polymer fibers were 
measured approximately 820 nanometers and 930 nanometers. The 
diameter of the nanotube bundle ranged from (107-140) nanometers. 
This indicates there are approximately hundred of nanotubes in one 
bundle. The lengths of the nanotube bundles in this area of the fiber 
were around 570 nanometers to 1.15 micron.  The variation in size 
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and shape of the nanotube bundles appear to be the result of 
entanglement between the CNT ropes and bundles. 
 
 
 
 
 
Figure 6.10: Clean amorphous polymer (PLA) fiber. 
 
 
TEM image of PLA fiber without nanotubes [figure 6.10] were taken to 
compare with the images of fibers with nanotubes. The fibers 
appeared to have completely amorphous surface morphology with no 
crystalinity of its own. It also indicated that the crystal structures in 
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the CNT/Polymer fibers are as a result of the presence of the carbon 
nanotubes. 
 
 
Figure 6.11: Less aligned CNT ropes on top of the amorphous polymer 
fiber 
 
 
Less aligned CNT crystals are clearly visible in the above image [figure 
6.11]. Ropes of SWCNT formed arcs and are entangled with each 
other. The amorphous PLA polymer surface is also seen underneath 
the CNT crystals. The diameters of the CNT ropes were approximately 
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(3-5) nanometers. It appears to be (2-4) nanotubes together formed 
ropes and numerous ropes are entangled with each other. Twisting 
and folding of the nanotubes are seen all over the image.  
 
 
 
Figure 6.12: Well ordered graphite  sheet in the nanotubes. 
 
 
CNT ropes with well-ordered graphene sheets are seen in figure 6.12 
Diameters of ropes are approximately 3-4 nanometer indicates that 
 92 
couple of nanotubes together formed the ropes and are aligned in 
parallel to each other. 
 
 
Figure 6.13: Crystalline impurities in amorphous fiber. 
 
 
TEM image of the impurities in the polymer fibers was taken [figure 
6.13] to compare the lattice fringe of the nanotube crystals with the 
crystalline structure of the CNTs. Distinct difference was seen 
between the crystals of the impurities and the crystals of nanotubes. 
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6.1.3 Results from scanning electron microscopy 
 
SEM images were taken from PLA polymer samples containing no 
nanotubes (0%) and samples containing 1 wt% and 5 wt% nanotubes. 
The important parameters of the samples were measured. 
Comparative study among the samples with and without nanotubes 
was performed. 
 
 
Figure 6.14: Electrospun PLA fibers without nanotubes [scale bar 
represents 10 mm]. 
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Figure 6.15: SEM image of 1 wt% CNT/PLA fiber matrix [scale bar 
represents 10 mm]. 
 
 
Figure 6.16: SEM image of 5wt % CNT/PLA fiber matrix [scale bar 
represents 10 mm]. 
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The 0% CNT/ PLA samples [figure 6.14] appeared to have smooth 
surface. The average pore size for this sample was calculated 11.6 
micron. The percentage of area covered by the fibers was 
approximately 63%. So, it can be concluded the porosity of the sample 
is approximately (60-65) %. The diameter of the fibers varied from 0.3 
micron to 3 microns approximately. The average diameter of the fibers 
was measured 0.63 micron. Approximately 75% of the fibers has a 
diameter below 1 micron and the rest of the fibers have a diameter 
more than 1 micron.  
 
The average pore size [figure 6.15] was calculated approximately (15-
20) microns for 1 wt% CNT/ PLA samples. Porosity was calculated 
approximately (40-45) %. Diameter of the fibers varied from 1 micron 
to 3.5 microns approximately. The average diameter of the fibers was 
measured approximately 2.5 microns.  
 
The fibers containing 5 wt% carbon nanotubes appear to have 
irregular surface [figure 6.16]. It indicates distinct difference with the 
morphology of fibers without nanotubes. Thus, the irregular surface 
may be an indication of the presence of nanotubes. The average pore 
size for 1wt% CNT/ PLA samples was calculated approximately 23 
microns. Porosity was calculated approximately 40%. Diameter of the 
fibers varied from 0.97 micron to 5 microns approximately. The 
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average diameter of the fibers was measured approximately 2.4 
microns. Only 10% of the fibers have diameter below 1 micron. It can 
be assumed that the fibers containing nanotubes has larger diameter 
than the fibers without nanotubes.  
 
6.1.4 Atomic force microscopy results performed on individual 
fibers 
 
Images of single nanofibers were taken by atomic force microscopy to 
evaluate the changes in topography of the fiber surface with 
reinforcement of the nanotubes. 
 
 
 
Figure 6.17: AFM image of PLA nanofiber without nanotubes. 
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 Figure 6.18: AFM image of 1 wt% CNT/ PLA fibers. 
 
 
 
 
Figure 6.19: AFM image of 5wt% CNT/ PLA sample. 
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In Figure 6.15, the PLA fiber without any carbon nanotube appears to 
have a very smooth surface. The diameters of the fibers were 
measured 0.85 micron. In figure 6.16, PLA fiber containing 1wt% CNT 
showed moderate amount of surface roughness on the fiber surface. 
There were tiny little bumps in the surface of the fibers having 
diameters around 0.14 micron and length of (0.4-0.6) micron. The 
diameter of the fiber was measured 0.965 micron. Figure 6.18, shows 
5wt% CNT containing fiber. A large number of globular projections are 
seen on the surface of the fiber. The diameters of the projections are 
approximately 1.5 micron and length is about (0.3- 0.4) microns. 
Diameter of the fiber was measured 0.88 micron. 
 
6.2 Results from characterization of physical properties 
 
Tensile modulus and electrical conductivity of the CNT reinforced 
samples were evaluated in the physical characterization. 
 
6.2.1 Measurement of mechanical properties of the scaffold 
 
Moduli of PLA nanofiber structures with and without nanotubes were 
calculated to study the increase of strength with the increase in 
percentage of nanotube reinforcement. 
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Description of the samples 
 
The original length of each sample was 5 cm and width was 1 cm. and 
4 mm2. Weight of 0%, 1% and 5% samples were respectively 0.175 
gm, 0.0234 gm and 0.0205 gm. Thickness of 0 wt%, 1wt% and 5 wt% 
samples were measured using equation [thickness= weight/(density * 
width * length] respectively 0.021 mm, 0.047 mm and 0.041 mm. 
Cross sectional areas for the three samples are respectively 0.21 mm2, 
o.47 mm2and 0.41 mm2. 
 
Set up for the Instron machine 
 
Strain rate was maintained 50 mm/minute and deformation was set 
5:1.  
 
Load-deformation data was obtained from the 1125 Universal Instron 
machine and the data was converted into Stress-strain data. [The 
data are shown in Appendix]. The stress vs. strain plot was obtained 
from the data to calculate the modulus for each of the sample from 
the slope of the Stress-strain curve respectively. 
 
Areal density= mass/unit area (kg/m2) 
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Figure 6.20: Load deformation curve for 0% CNT/PLA sample. 
 
Table 6.1: Areal density Calculation. 
 
 
Samples Mass (kg) Width (m) Length (m) Areal density 
(kg/m2) 
0% 0.0000175 0.01 0.05 0.035 
1% 0.0000235 0.01 0.05 0.047 
5% 0.0000205 0.01 0.05 0.041 
 
 
3) Calculate Cross-sectional area:  
 
Volume (v) = weight (wt)/ r = Length (L) * thickness (t)* width (h) 
 
Thickness (t) = wt / r*h*L 
 
 
 
 
 
 
 
 
Load vs. Deformation (0%)
0
20
40
60
80
100
120
140
0 2 4 6 8 10 12
deformation(mm)
L
o
ad
 (
g
m
)
Series1
 101 
Table 6.2: Cross-sectional area calculation. 
 
 
 
Samples Thickness (t)mm Width 
(h)mm 
X- sectional area (Ac) 
mm2 
0% 0.021  10 0.21  
1% 0.047  10 0.47 
5% 0.041  10 0.41 
 
 
 
 
 
Figure 6.21: Stress –strain curve for 0% CNT/PLA sample. 
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Measuring the modulus of 1 wt% CNT/PLA sample 
 
 
Figure 6.22: Load deformation curve for 1 wt% CNT/PLA sample. 
 
 
 
 
Figure 6.23: Stress-strain curve and initial modulus for 1 wt% 
CNT/PLA sample. 
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Initial modulus for 1 wt% CNT/PLA sample was found 5010.5 
gm/cm2. 
 
Measuring the modulus of 5 wt% CNT/PLA sample 
 
Modulus for 5% CNT/PLA sample was calculated from the stress 
strain data obtained from the load deformation data of the Instron 
machine. The data are given in the appendix. 
 
 
 
 
 
 
Figure 6.24: Load- deformation plot for 5 wt% CNT/PLA samples. 
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 Figure 6.25: Stress-strain curve for the 5wt% CNT/PLA samples.  
 
Modulus for 5% CNT/PLA samples was calculated 130000 gm/mm2. 
 
From the load deformation curve was seen that 0% CNT/ PLA has the 
highest deformation approximately 2 cm, for the 1% deformation was 
approx. 0.9 cm and for 5% it was 0.75 cm. The breaking load for 0% 
was 120 grams, for 1% it was 409 grams and for 5% was 418 grams.  
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Modulus: Modulus for each sample was determined from the slope of 
the stress-strain curves. Modulus was calculated in the units of Giga 
Pascal (GPa).  
 
 
Figure 6.26: Comparative plot for 0%, 1% and 5% CNT/PLA samples. 
 
 
For 0 wt% sample the modulus was determined 0.15 GPa, for 1 wt% 
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resemble the mechanical property of the natural cartilage and can be 
expected to properly support cartilage regeneration when implanted. 
 
 
 
Figure 6.27: Relative change in modulus with the increase in the 
percentage of nanotubes in the PLA fibers. 
 
 
 
6.2.2 Results of conductivity of the CNT/PLA samples using four-
probe device  
Data # 1 (Appendix D) was obtained by changing the flow of current 
from “Zero” to a step size of 0.1 mili-Amperes (mA) until it came to an 
overloaded position. 
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Figure 6.28: Voltage vs. current plot for 0 wt% CNT/PLA fiber mat. 
 
 
 
Figure 6.29: Current vs. voltage plot for 0 wt% CNT/PLA fiber mat. 
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Table 6.3 Results from 0 wt% CNT/PLA fiber mat. 
 
Resistance (PLA fiber mat) 175.66W 
Resistivity (CNT/PLA) 5.6928 x 10-3 ohm-cm. 
Conductivity(CNT/PLA) 9.64 x 10-6 seimens/cm 
 
 
 
Results for 1 wt% CNT/PLA fiber mat: 
 
 
 
Figure 6.30: Voltage vs. current plot for 1wt% CNT/PLA fiber mat. 
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Figure 6.31: Current vs. voltage plot for 1 wt% CNT/PLA fiber mat. 
 
 
Table 6.4: Results from 1wt% CNT/PLA fiber mat. 
 
 
Resistance (1wt% CNT/PLA) 
 
3.739 W 
 
Resistivity (CNT/PLA) 
 
0.26745 ohm-cm. 
 
Conductivity (CNT/PLA) 
 
4.529 x 10-4 seimens/cm 
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Total resistance of the two resistors in parallel (silicon wafer and the 
CNT/PLA sample) was obtained 42.994 ohms from the slope of plot 
#1. Since the resistance of the silicon wafer was measured 39.225 
ohm prior to the experiment, the resistance of the CNT/PLA scaffold 
was calculated 3.739 ohms by subtracting the resistance of the wafer 
from the total resistance. Resistivity (CNT/PLA) was calculated 
3.739ohm-cm. Conductivity (CNT/PLA) was found 4.529 X 10-4 
siemens/cm.  
 
 
 
 
Figure 6.32: Voltage vs. current plot for 5wt% CNT/PLA sample. 
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Figure 6.33: Current vs. voltage plot for 5wt% CNT/PLA sample. 
 
 
 
Table 6.5: Results from 5wt% PLA/CNT sample. 
 
 
Resistance (CNT/PLA) 0.07W 
 
Resistivity(CNT/PLA) 42.3077 ohm-cm. 
 
Conductivity(CNT/PLA) 2.36 x 10-2 seimens/cm 
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Total resistance of the two resistors in parallel (silicon wafer and the 
CNT/PLA sample) was obtained 39.039 ohms from the slope of voltage 
vs. current plot [figure 6.33]. Since the resistance of the silicon wafer 
was measured 38.969 W [ohm] prior to the experiment, the resistance 
of the CNT/PLA scaffold was calculated 0.07 ohms by subtracting the 
resistance of the wafer from the total resistance. Resistivity (CNT/PLA) 
was calculated 42.30769231ohm-cm. Conductivity (CNT/PLA) was 
found 2.3636 X 10-2 siemens/cm.  
 
 
 
Figure 6.34: Comparative I vs. V plot for 0%, 1% and 5% CNT/PLA 
samples. 
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The following table showing the list of conductivity of the CNT/PLA 
fiber mats with different percentage: 
 
Table 6.6: Results of conductivity. 
 
 
Wt%  of 
CNT in PLA fiber mat 
Conductivity 
(siemens/cm) 
0% 1.29x10-4 
1% 4.529 x 10-4 
5% 2.3636 X 10-2 
 
 
From the values of electrical conductivity shown in ‘Molecular 
Structure, Properties and Uses’ we can conclude that the 5% 
reinforcement increases the conductivity of the PLA fiber mat many 
folds lore than the 1% reinforcement. The 1% CNT/PLA fiber mat 
showed conductivity in the lower margin of the range of 
semiconductors (10-4 siemens /cm) while the 5wt% CNT/PLA fiber 
mat showed conductivity in the of medium semiconductor materials 
(10-2seimens/cm). The relationship between CNT/PLA fiber mats with 
other conductive materials is shown in the following figure 6.35: 
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Figure 6.35: Position of the CNT/PLA samples in the field of 
conductivity. 
 
 
In Figure 6.35, 1% and 5% CNT/PLA samples were found in the 
middle of the range of semi-conductive materials. 
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Figure 6.36: Plot on wt% of CNT/PLA vs. Conductivity. 
 
 
6.3 Results from the cell culture 
 
The in vitro Chondrocyte proliferation study shows cell attachment 
and differentiation and viability of cells on the nanotube-nanofiber 
scaffolds.  
 
6.3.1 Results from the analysis of cell numbers (MTT assay) 
 
The MTT assay shows the evidence of living cells in all of the scaffolds 
after a week culture. There was no significant difference in cell growth 
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between the scaffolds those are reinforced with carbon nanotubes and 
the control scaffold. The average SPM from 6 different samples are 
shown in the following table 6.5: 
 
Table 6.7: Average SPM for different CNT/PLA samples. 
 
 
 
 
 
 
 
 
 
 
The results suggest that carbon nanotube plays no toxic effect on cell 
proliferation and it indicates that the nanotube-reinforced scaffold 
could be safely implanted into a body. 
 
Name of sample Average SPM (n =6) 
0% CNT/PLA 0.95 
 
1% CNT/PLA 0.92 
 
5% CNT/PLA 0.93 
 
Control 
(cells seeded directly on 
plastic dish) 
1.3 
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6.3.2 Results from assays of Procollagen II secretion from 
chondrocytes 
 
Western blot analysis demonstrates that procollagen II is secreted 
from cells seeded on plastic (culture dish) and nanofibrils with 
different amounts of carbon nanotubes. 
 
 
Figure 6.37: Western blot analysis of collagen II synthesized by 
chondrocyte growth on nanotube-nanofiber matrix at day 14. 
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6.3.3 SEM results on cell culture 
 
 
Figure 6.38: SEM image of Cell culture on 0% CNT/PLA scaffold on  
day 7 (Scale bar represent 10 mm). 
 
 
Figure 6.39: SEM image of Cell culture on 1% CNT/PLA scaffold on 
day 7. 
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Figure 6.40: SEM image of Cell culture on 5% CNT/PLA scaffold on 
day 7. 
 
 
SEM images on day 7 show flat and polygonal cells resembling 
morphology of the chondrocytes with an average diameter of 20 to 30 
microns. Microscopy images from day 7 shows cells have spread 
significantly over the top (seeded) surface and have started to form 
intercellular bridges. Cellular proliferation appeared to be guided 
along the direction of the fibers. Migration of cells was observed 
through the porous structure of the scaffold to the deeper structure 
underneath the seeded surface by day 7.  
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: 
 
Figure 6.41: 0% CNT/PLA scaffold with chondrocyte culture day 14. 
 
Figure 6.42: 1% CNT/PLA scaffold with chondrocyte culture day 14. 
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Figure 6.43: 5% CNT/PLA scaffold with chondrocyte culture day 14. 
 
 
SEM study revealed that, by day 14, cellular growth rapidly spreaded 
over the entire matrix. Most of the pores have been sealed off by the 
cells and cytoplasmic extension of the cells. No significant difference 
was observed between the samples with different percentage of 
nanotubes in them. 
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CHAPTER 7: SUMMARY AND CONCLUSION 
 
A nanoscale size graft reinforced with nanotubes with unbeatable 
physical properties can serve as a highly suitable scaffold for cartilage 
as well as bone in the field of tissue engineering.  In addition, the 
unique structure of the nanofiber matrix is expected to provide 
perfection to the nanoscale. A substrate characterized by large surface 
area fabricated from small amount of material (~ 103 m2 /gm) [7] and 
with high porosity is produced by the electrospinning process. The 
scaffold also produced interconnected pores with a wide range of 
diameter, optimum for cell migration and transport of nutrients. 
Changing the conditions during electrospinning can control both 
porosity and pore size. The highly porous scaffold acts as a negative 
template for the cartilage. Systematic evaluation of the scaffold 
indicates that it has an optimized structure of a cartilage cell growth 
and the mechanical property of the scaffold is in the range of the 
modulus of the cartilage at physiological state. The electrical 
conductivity of the scaffold is expected to stimulate cell growth (19).  
 
The in vitro study showed that the nanofiber–nanotube scaffold allows 
cell growth in it and no hostile or debilitating affect was observed 
regarding the cell proliferation due to the presence of nanotubes. 
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Hence, it can be concluded that the CNT inside nanofibers are “cell 
friendly”.  
The Raman spectroscopy shows convincing evidence of the presence 
of nanotubes with the display of typical spectra for CNTs. TEM study 
serves as the visual evidence for the presence of the nanotubes by the 
lattice fringe of the CNT crystals in the form of ropes and onions. 
Lower magnification TEM images also confirm the alignment of the 
SWNTs along the length of the nanofiber. Both SEM images of the 
polymer fiber mat and AFM images of a single nanofiber show surface 
roughness in the CNT containing fibers. There is increase in the 
roughness with the increased percentage of nanotubes. On the other 
hand, the fibers without nanotubes have a very plain surface 
morphology. Mechanical properties of the CNT/PLA fiber mat also 
increased with the increased percentage of the nanotubes. The 
nanofiber-nanotube scaffold shows modulus in the range of the 
cartilage modulus in the physiological state. Conductivity of the fiber 
mat measured with the four-probe devise shows only 5wt% 
reinforcement with SWNTs can produce conductivity in the scaffold 
between the ranges of semi-conductor materials.  
In vitro evaluation on nanofiber-nanotube scaffold showed that, 
chondrocytes proliferate rapidly over the surface and as well as to the 
deeper part of the matrix through the porous system. Cellular 
behavior was characterized by the cell attachment, cell spreading and 
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morphology of the cells by producing the cytoplasmic extensions.  
Correct morphology of the chondrocytes seeded on the scaffold, 
secretion of cell-specific procollagen II indicates that the cells function 
correctly within the scaffold. In addition, the intercellular bridging 
among the interconnected pores of the multiple layered nanofiber 
fabric allows formation of three-dimensional cellular network at nano 
level.  
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Appendix A: Cartilage 
 
 
 
Figure A.1: Major locations of cartilages in human body. 
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Figure A.2: Cartilage in body parts. 
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Appendix B: Fullerenes and Carbon Nanotubes 
 
Fullerenes are closed cage of molecules comprised entirely of (sp2 
hybridized) carbons arranged in hexagons and pentagons.  
 
 
 
Figure B.1: Diagrammatic pictures of Fullerenes C60, C70 and C80. 
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C 80 
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Buck minister fullerenes or, Bucky ball can be described as a soccer 
ball-like hollow structure with one carbon atom on each vertex of 
stitching.  
Fullerenes can be derived from cutting each bucky ball to half and 
inserting a belt of 10 more carbon atoms to form C70 (Rugby ball) and 
another belt with 10 more carbons to form C80.   
Carbon nanotubes are giant fullerenes and can be derived by 
inserting a 2-dimensional graphite sheet after rolling it like a scroll.  
 
 
 
 
Figure B.2: Carbon Nanotubes (with various chiral angle). 
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Presence of one graphite roll forms single walled Carbon nanotubes 
(SWNTs).  If there are multiple concentric tubes, then they are called 
Multi-walled carbon nanotubes (MWNTs). Length of nanotubes can be 
million times greater than their diameters. Example: C 1,000,000. 
 
 
 
Figure B.3: Graphite Scrolls forming the wall of the nanotubes. 
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Figure B.4: C60, C70, C80 and Nanotubes. 
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Nanotubes can be derived from the bucky ball molecule C60 by adding 
belts of atoms (a) or by rolling a two-dimensional graphene sheet cut 
at various angles with respect to the hexagonal lattice 
 
 
 
Figure B.5: Pi-Bond (The 4th shared bond of Carbon molecule). 
 
 
 
The ability of carbon atoms to assemble in these CNT structures 
results from the fact that each atom's four electrons can form three 
in-plane bonds, in a so-called sp2-hydridization. The fourth electron is 
shared, making fullerenes aromatic and allowing for electrical 
conductance in nanotubes. (Drawings by: Riichiro Saito in 
Dresselhaus et al.1996). 
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Figure B.6: The 3- dimensional structure (sp3-hybridized) of 
Diamond.  
 
 
The carbon atoms in diamond are tetrahedrally bonded to their four 
nearest neighbors. It provides 3-dimensional lattice that gives its 
unparallel hardness. 
 
Figure B.7: Two-dimensional arrangement (sp2-hybridization) of 
carbon atoms in graphene. 
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The graphite sheet-like nanotube walls in contrast to diamond, 
permits some out of plane flexibility. 
 
 
 
 
 
Figure B.8: Diagram of a graphite sheet 
 
 
 
 
 
 
 
 
 
 
Figure B.9: Graphite sheet rolled into a scroll to form the wall of 
nanotube. 
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Figure B.10: Pentagonal and hexagonal bonds of carbons in the 
Buckminster fullerenes. 
 
 
 
 
 
 
Figure B.11:  One end of the nanotube showing unction of Graphite 
sheet scroll and the cap of the bucky ball. 
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Appendix C: Electrospinning 
 
 A process was patented by Formhals in 1934, wherein an 
experimental setup was outlined for the production of polymer 
filaments using electrostatic force. When used to spin fibers this way, 
the process is termed as electrospinning.  
In the electrospinning process a high voltage is used to create an 
electrically charged jet of polymer solution, the solvent is evaporated 
on the path of spinning resulting into dried or solidified polymer 
fibers. One electrode is placed into the spinning solution and the 
other attached to a collector. Electric field is subjected to the end of a 
capillary tube that contains the polymer fluid held by its surface 
tension.  
This induces a charge on the surface of the liquid. Mutual charge 
repulsion causes a force directly opposite to the surface tension. As 
the intensity of the electric field is increased, the hemispherical 
surface of the fluid at the tip of the capillary tube elongates to form a 
conical shape known as the Taylor cone.  
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Figure C.1: Tylor cone formed in the tip of the solution during 
spinning 
 
With increasing field, a critical value is attained when the repulsive 
electrostatic force overcomes the surface tension and a charged jet of 
fluid is ejected from the tip of the Taylor cone. The discharged polymer 
solution jet undergoes a whipping process wherein the solvent 
evaporates, leaving behind a charged polymer fiber, which lays itself 
randomly on a grounded collecting metal screen.  
 
Figure C.2: Polymer solution jet discharged into randomly oriented 
nanofibers. 
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Figure C.3: Schematic of the electrospinning setup. 
 
The polymer solution or melt is contained in a glass tube, usually a 
pipette that is connected to a syringe like apparatus. A metering 
pump attached to the plunger of the syringe generates a constant 
pressure and flow of the fluid through the pipette. The driving force of 
the jet is provided by a high voltage source through a wire immersed 
in the solution. The high voltage source can generate up to 30 kV, and 
the setup can be run on either positive or negative polarity. Adjusting 
the flow of the fluid and the magnitude of the electric field controls the 
spinning rate.  
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Parameters affecting the electrospinning process  
 
System Parameters:  
• Molecular Weight of the polymer  
• Solution properties (viscosity, conductivity & and surface tension)  
Process Parameters:  
• Electric potential, Flow rate & Concentration  
• Distance between the capillary and collection screen  
• Ambient parameters (temperature, humidity and air velocity in the 
chamber)  
• Motion of target screen  
Applications of electrospinning process 
An important characteristic of electrospinning is the ability to make 
fibers with diameters in the range of nanometers to a few microns. 
Consequently these fibers have a large surface area per unit mass so 
that non-woven fabrics of these nanofibers collected on a screen can 
be used for example, for filtration of submicron particles in separation 
industries and biomedical applications- such as wound dressing in 
medical industry, tissue engineering scaffolds and artificial organs 
and tissue. The use of electrospun fibers at critical places in advanced 
composites to improve crack resistance is also promising.  
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Effect of different parameters on the spinning 
 
Figure C.4:  Fiber diameter vs. Screen distance plot. 
Figure showing that Fiber diameter reduces with the increase of 
Screen distance. 
Figure C.5: Fiber diameter vs. Electrical potential plot. 
Plot shows fiber diameter reduces with the increase of electrical 
potential. 
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Figure C.6: Fiber diameter vs. flow rate plot.  
Increase in flow rate increases fiber diameter. 
 
Figure C.7: Fiber diameter vs. concentration (wt %) plot.  
The plot shows that increased concentration of the polymer solution 
causes exponential increase in fiber diameter. 
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Appendix D: Instruments 
 
Photograph of a Reinshaw Raman Spectrometer 
 
Figure D.1: Reinshaw Raman Spectrometer.  
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Figure D.2: AMRAY 1830 Scanning Electron Microscope. 
 
 
Figure D.3: Imaging through the Scanning Electron Microscope. 
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Figure D.4: JOEL 2010 Field Emission Transmission Electron 
Microscope. 
 
 
 
 148 
 
 
Figure D.5: Imaging procedure in Transmission Electron Microscopy. 
 
Figure D.6: A TEM image of nanotubes from Richard Smalley’s Image 
Gallery. 
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Figure D.7: Four- Probe device [used for measuring electrical 
conductivity]. 
 
 
 
Figure D.8. Instron 1125 Universal testing Machine [used for testing 
tensile modulus]. 
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Appendix E: Data on Physical Characterization 
 
Data from the Instron machine for calculating the modulus the 
CNT/PLA samples: 
 
 
Table E.1: Description of the CNT/PLA samples. 
 
Sample # 1: 0% CNT/PLA  
Sample # 2: 1% CNT/PLA  
Sample # 3: 5% CNT/PLA  
   
Original length: 5 cm  
Original Width: 1 cm  
   
Thickness   
Sample #1: 0.25 mm  
Sample # 2 : 0.55 mm  
Sample #3 : 0.4 mm  
   
   
Cross section area:  
Sample #1 : 10mm * 0.25 mm =  2.5 mm^2 
Sample #2 : 10mm * 0.55 mm = 5.5 mm^2 
Sample #3 : 10mm * 0.4 mm = 4 mm^2 
   
 
 
 
 
 
 151 
Table E.2: Data for 0% CNT/PLA samples. 
 
Load(gm) Deformation (mm) 
Stress 
(gm/mm^2) 
Strain 
(mm/mm) 
0 0.4 0 0.008 
25 0.6 10 0.012 
47 1 18.8 0.02 
54 1.2 21.6 0.024 
60 1.5 24 0.03 
70 2 28 0.04 
75 2.4 30 0.048 
85 3.1 34 0.062 
90 3.5 36 0.07 
95 4 38 0.08 
100 4.6 40 0.092 
105 5 42 0.1 
107 5.2 42.8 0.104 
110 5.9 44 0.118 
112 6.4 44.8 0.128 
115 6.8 46 0.136 
118 7.4 47.2 0.148 
120 7.8 48 0.156 
121 8.4 48.4 0.168 
121 9 48.4 0.18 
121 10 48.4 0.2 
121 10.1 48.4 0.202 
120 10.2 48 0.204 
118 10.4 47.2 0.208 
115 10.6 46 0.212 
110 11 44 0.22 
100 11.4 40 0.228 
90 11.6 36 0.232 
80 11.8 32 0.236 
65 12 26 0.24 
55 12.2 22 0.244 
37 12.6 14.8 0.252 
27 13 10.8 0.26 
23 13.4 9.2 0.268 
18 13.6 7.2 0.272 
15 14 6 0.28 
12 14.4 4.8 0.288 
10 14.8 4 0.296 
8 15 3.2 0.3 
7 15.6 2.8 0.312 
5 16 2 0.32 
4 16.1 1.6 0.322 
2.5 17 1 0.34 
1.5 18 0.6 0.36 
0 18.25 0 0.365 
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Table E.3: Data for o% CNT/PLA sample before failure . 
 
 
 
Before 
failure  
  
Strain 
(mm/mm) 
Stress 
(gm/mm^2) 
0.008 0 
0.012 10 
0.02 18.8 
0.024 21.6 
0.03 24 
0.04 28 
0.048 30 
0.062 34 
0.07 36 
0.08 38 
0.092 40 
0.1 42 
0.104 42.8 
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Table E.4: Data for 1% CNT/PLA sample (original length 50 mm, cross 
section area 5.5 mm2). 
 
Load 
(gm) Deformation(mm) 
Stress 
(gm/mm^2) 
Strain 
(mm/mm) 
0 0.2 0 0.0040 
235 0.4 42.72727273 0.008 
300 0.5 54.54545455 0.01 
350 0.6 63.63636364 0.012 
375 0.7 68.18181818 0.014 
390 0.8 70.90909091 0.016 
400 0.94 72.72727273 0.0188 
405 1 73.63636364 0.02 
409 1.2 74.36363636 0.024 
409 1.4 74.36363636 0.028 
405 1.5 73.63636364 0.03 
395 1.6 71.81818182 0.032 
390 1.7 70.90909091 0.034 
385 1.8 70 0.036 
370 1.95 67.27272727 0.039 
365 2 66.36363636 0.04 
350 2.2 63.63636364 0.044 
340 2.3 61.81818182 0.046 
330 2.5 60 0.05 
325 2.65 59.09090909 0.053 
320 2.8 58.18181818 0.056 
310 2.95 56.36363636 0.059 
300 3.1 54.54545455 0.062 
285 3.2 51.81818182 0.064 
265 3.4 48.18181818 0.068 
250 3.5 45.45454545 0.07 
200 3.59 36.36363636 0.0718 
185 3.6 33.63636364 0.072 
175 3.6 31.81818182 0.072 
160 3.7 29.09090909 0.074 
125 3.8 22.72727273 0.076 
100 3.9 18.18181818 0.078 
85 4 15.45454545 0.08 
65 4.1 11.81818182 0.082 
60 4.2 10.90909091 0.084 
50 4.3 9.090909091 0.086 
45 4.4 8.181818182 0.088 
35 4.6 6.363636364 0.092 
20 5.1 3.636363636 0.102 
15 5.4 2.727272727 0.108 
10 6 1.818181818 0.12 
7.5 6.4 1.363636364 0.128 
5 6.8 0.909090909 0.136 
4 7.6 0.727272727 0.152 
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Table E.4 continued   
2.5 8 0.454545455 0.16 
2.4 8.5 0.436363636 0.17 
0 8.5 0 0.17 
 
 
Table E.5: Data before failure for 1% CNT/PLA samples. 
 
Stress 
(gm/mm^2) Strain (mm/mm) 
  0 0.0040 
42.72727273 0.0080 
54.54545455 0.0100 
63.63636364 0.0120 
68.18181818 0.0140 
 
 
Table E.6: Data for 5% CNT/PLA sample. 
 
Original length: 5cm or 50 
cross section area: 4 mm2  4 
Load 
(gm) Deformation(mm) 
Stress 
(gm/mm2) 
Strain 
(mm/mm) 
0 0 0 0 
25 0.05 6.25 0.001 
50 0.08 12.5 0.0016 
75 0.1 18.75 0.002 
100 0.15 25 0.003 
150 0.19 37.5 0.0038 
200 0.2 50 0.004 
250 0.25 62.5 0.005 
300 0.3 75 0.006 
325 0.4 81.25 0.008 
350 0.45 87.5 0.009 
360 0.5 90 0.01 
375 0.6 93.75 0.012 
390 0.7 97.5 0.014 
400 0.8 100 0.016 
410 0.9 102.5 0.018 
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Table  E.6 continued   
415 1 103.75 0.02 
418 1.25 104.5 0.025 
410 1.3 102.5 0.026 
400 1.4 100 0.028 
375 1.5 93.75 0.03 
350 1.58 87.5 0.0316 
335 1.6 83.75 0.032 
315 1.7 78.75 0.034 
300 1.75 75 0.035 
290 1.8 72.5 0.036 
275 1.95 68.75 0.039 
270 2 67.5 0.04 
260 2.1 65 0.042 
250 2.25 62.5 0.045 
235 2.4 58.75 0.048 
220 2.6 55 0.052 
215 2.68 53.75 0.0536 
205 3 51.25 0.06 
195 3.2 48.75 0.064 
185 3.4 46.25 0.068 
175 3.6 43.75 0.072 
165 3.8 41.25 0.076 
150 3.95 37.5 0.079 
135 4 33.75 0.08 
100 4.05 25 0.081 
75 4.15 18.75 0.083 
65 4.2 16.25 0.084 
50 4.3 12.5 0.086 
35 4.4 8.75 0.088 
25 4.5 6.25 0.09 
20 4.6 5 0.092 
15 4.8 3.75 0.096 
10 5 2.5 0.1 
7.5 5.2 1.875 0.104 
6 5.6 1.5 0.112 
5 6 1.25 0.12 
3 6.4 0.75 0.128 
2.5 6.6 0.625 0.132 
1 6.8 0.25 0.136 
0.5 7 0.125 0.14 
0 8 0 0.16 
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Data from Four Probe Device 
 
Table E.7: Data for 0 wt% CNT/PLA sample. 
 
 
mili Amp mili Volt 
0 0.166 
0.1 25.2 
0.2 42.8 
0.3 60.88 
0.4 79.4 
0.5 97.8 
0.6 112.3 
0.7 130.6 
0.8 148.7 
0.9 166.1 
1 185.2 
1.1 201.08 
1.2 219.5 
1.3 236.9 
1.4 254.7 
1.5 276.5 
1.6 289.6 
1.7 307.56 
1.8 322 
1.9 342.7 
2 359 
2.1 374.4 
2.2 392.7 
2.3 408.5 
2.4 427.3 
2.5 447.6 
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Table E.8: Data for 1 wt% CNT/PLA sample. 
 
mAmp mVolt 
0 2.55 
0.1 7 
0.2 11.12 
0.3 15.5 
0.4 20.08 
0.5 24.25 
0.6 28.09 
0.7 32.86 
0.8 37.07 
0.9 41.57 
1 45.9 
1.1 49.6 
1.2 53.8 
1.3 58.56 
1.4 63.01 
1.5 67.45 
1.6 71.59 
1.7 75.38 
1.8 79.5 
1.9 84.06 
2 88.59 
2.1 93.13 
2.2 97.39 
2.3 101.2 
2.4 105.6 
2.5 110.78 
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Table E.9: Data for 5 wt% CNT/PLA sample. 
 
Current (mA) Voltage(mV) 
0 0.19 
0.1 6 
0.2 10.1 
0.3 14.3 
0.4 17.9 
0.5 21.8 
0.6 25.6 
0.7 29.3 
0.8 33.4 
0.9 37.2 
1 41.4 
1.1 44.7 
1.2 48.7 
1.3 52.5 
1.4 56.3 
1.5 60.6 
1.6 64.3 
1.7 68.3 
1.8 72 
1.9 76.2 
2 80 
2.1 83.6 
2.2 87.9 
2.3 91.6 
2.4 95.8 
2.5 99.7 
 
 
 
 
